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A bstract
TH E EFFECTS OF ENVIRONMENTAL VARIABILITY ON T H E
POPULATION STRUCTURE OF T H E EASTERN O Y STER
(■C R A SSO STR E A VIRG INICA): A MODELING STUDY
M argaret McManus Dekshenieks
Old Dominion University, 1996
Director: Prof. Eileen E. Hofmann

T hree models were coupled to investigate the effects of changes in environm ental
conditions on the population structure of the E astern oyster, Crasaostrea virginica.
T he first model, a tim e-dependent model of the oyster population as described in
Powell et al. (1992) and Hofmann et al. (1992, 1995), tracks th e distribution,
developm ent, spawning, and m ortality of sessile oyster populations. T he p ost
settlem ent model incorporates m ortality through parasitism , predation, food de
pletion and extremes in environm ental conditions.

The post-settlem ent model

supplies the initial abundance of larvae spawned into the w ater colum n, and in
tu rn is the recipient of cohorts of spawn which survive through m etam orphosis.
T he second model, a tim e-dependent larval growth model, sim ulates larval growth
an d m ortality. Larval growth rate, which determines the length of th e planktonic
period, is defined by food concentration, tem perature, salinity and turbidity. The
larval model includes the effects of adult density, environm ental conditions, preda
tion by zooplankton and reef availability on larval survivorship. T he final model,
a finite element hydrodynam ic model, was developed by th e U. S. Arm y Corps
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of Engineers to simulate the circulation in Galveston Bay, Texas. This model
provides element-averaged flow rates to the post-settlem ent model and elementaveraged salinities to both the post-settlem ent and larval models. T he coupled
post-settlem ent-larval model (the oyster model) runs w ithin each element of the
finite element grid with known reef.
The oyster-circulation model was first forced with five years of m ean envi
ronm ental conditions to provide a reference sim ulation for Galveston Bay. This
reference sim ulation was then used as a baseline for comparison with other simula
tions, which considered the effects of increases and decreases in freshwater inflow
and tem p eratu re on the population structure of the oyster. Additional sim ulations
were used to investigate the effects of long term decreases in food concentration
and tu rb id ity on Galveston Bay oyster populations.
In general, the simulations suggest th a t salinity is the prim ary environm en
tal factor controlling the spatial extent of oyster distribution within the estuary.
Sim ulations also show th a t discrepancies between broodstock num ber and larval
recruitm ent in the sim ulated populations arise because the environmental controls
on th e build-up of spawning m aterial and the recruitm ent of larvae to the benthic
com m unity differ. Furtherm ore, sim ulated pattern s of oyster reproduction and
larval recruitm ent indicate th at regions with predom inantly low salinities require
external sources of larvae. Finally, results indicate th at the summer m onths, w ith
higher salinities and warmer tem peratures, have high levels of larval survivorship
and subsequently the m ost significant recruitm ent events.
T he results from this study allow predictions of the effects of environm ental
change on th e status of oyster populations, both w ithin Galveston Bay and w ithin
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other estuarine systems supporting oyster populations, to be made.
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1

Chapter 1. Introduction

The failure to obtain a significant correlation between broodstock num ber and
yearly spatfall success for the Eastern oyster, Cras3ostrca virginica, indicates th at
adult fecundity an d /o r larval survival are as im portant as adult abundance in
determ ining the viability of th e population iP rytherch 1929, Loosanoff and Engle
1940, Olson and Olson 1989). Understanding the basic causes of the large year-toyear variation in spatfall success at any site (Loosanoff 1966, Kenny et al. 1990)
requires th a t the interaction of oyster growth, fecundity and larval survival be
exam ined over a range of environm ental conditions.
Studies investigating the relative im portance of these factors, as they con
trib u te to changes in community structure, are not common (Watling 1975, Miller
1983). For a commercially im portant bivalve population, like the Eastern oyster,
identifying and quantifying th e processes leading to changes in population struc
ture would provide a better understanding of th e system, and form a basis for
efficient m anagem ent of the fishery.
T he annual harvest of oysters from Texas bays fluctuates considerably from
year-to-year. These fluctuations cannot be attrib u ted to any single cause (Hofste tte r 1990), b u t rather are the result of several cum ulative effects. First, almost
50% of yearly m ortality in market-sized Texas oyster populations is due to the
endoparasite Perkinsus marinus, which causes the disease Dermo (Powell et al.
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1994). This level of m ortality can significantly reduce the num ber of market-sized
oysters in the population. Second, the success of the annual spatfall has been
identified as a key factor in the determ ination of oyster harvests from Texas bays
(H ofstetter 1983). Finally, long term environmental changes and predation m ust
also be considered when attem pting to explain the fluctuations in oyster harvest.
Thus, the prim ary goal of this research is to quantify the effects of these factors
on C. virginica populations. This study is focused specifically on Galveston Bay,
Texas, which supports a large viable fishery for C. virginica (Q uast et al. 1988).
T he approach taken in this study is to use a m ulti-com ponent model, which
includes environm ental and biological processes (Fig. 1). The model has been
developed specifically for Galveston Bay, Texas, and includes th e factors th a t are
known to be im portant in regulating oyster populations in this Bay. As such, the
model provides a framework for investigating growth, fecundity and m ortality of
post-settlem ent oysters, as well as the survivorship of larval oysters under a variety
of environm ental conditions.
T he post-settlem ent model (Powell et al. 1992, 1994, 1995a, Hofmann et al.
1992, 1994) is a tim e-dependent population model which tracks the distribution,
growth, fecundity and m ortality of post-settlem ent oyster populations. This model
provides inputs to the oyster larval model via spawning and receives inputs from
the larval m odel in term s of individuals who survive through m etam orphosis and
are recruited to the benthic population. The post-settlem ent model includes m or
tality from parasitism , predation, food depletion and extremes in environm ental
conditions.
T he tim e-dependent larval model (Dekshenieks et al. 1993) simulates the
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Figure 1. Schematic of the linkages between the post-settlem ent, larval and circu
lation models, and the relevant environm ental processes.
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effects of food concentration, tem perature, salinity and turbidity on the length
of th e larval planktonic period. These environm ental conditions are the prim ary
factors affecting the physiological development and growth of oyster larvae (Butler
1949, Davis 1958, Davis 1960, Loosanoff and Davis 1963, Loosanoff 1965, Carriker
1986, H untington and Miller 1989, Seaman 1991). This model also includes the
effects of adult density, environmental conditions, predation and reef availability
on larval survivorship.
The final model, a hydrodynam ic model (Berger et al. 1994, McAdory et al.
1995) developed by the U. S. Army Corps of Engineers at the Waterways Exper
iment Station in Vicksburg, MS, provides salinity distributions th a t are input to
the post-settlem ent and larval models, as well as flow distributions th at axe input
to th e post-settlem ent model. The post-settlem ent and larval models run w ithin
each spatial element of the hydrodynam ic model where oyster reef is known to
exist.

T he sim ulated oyster distributions obtained from the coupled models (Fig. 1)
are used to address the following specific research questions for Galveston Bay:

(1) W hat physical an d /o r biological factors (i.e. salinity, turbidity, recruitm ent)
have the best correlation w ith spawning and larval settlement?

(2) Is there a relationship between broodstock num ber and larval recruitm ent th a t
would be observed over m ultiple years despite environmental variability?

(3) Are there areas of the Bay which require an external larval supply? If so, under
w hat conditions is this needed?
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(4) Are spring or fall spawning events more successful in the production of recruits?

Addressing the above questions will provide a better understanding of the
relationship between seasonal adult spawning stock and larval recruitm ent. This
inform ation is invaluable to those faced w ith providing m anagement policy for a
commercial fishery.
The following section presents background inform ation concerning Galveston
Bay, Texas, including a description of the Galveston Bay system, the oyster pop
ulation in Galveston Bay and related modeling studies. In C hapter 3, detailed
descriptions of the posr-settlem ent model, the larval model, the circulation model
and associated statistical analysis are given. Model and analysis results are pre
sented in C hapter 4. A discussion of results and th e conclusions of this study are
presented in C hapters 5 and 6, respectively.
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C h apter 2. B ackgroun d

The following sections provide information related to this study. The first section
provides a description of the Galveston Bay system. This is followed by a de
scription of factors affecting oyster populations: h ab itat, reproduction and larval
development. The final section describes modeling studies which relate to one or
m ore of the components of the oyster model used in this study.

2.1 G a lv e sto n B ay S y stem
The Galveston Bay estuary is located 50 miles south of Houston, in the south
eastern corner of Texas (Fig. 2). This well mixed estuary receives freshwater at its
northern end and has free connection with the Gulf of Mexico to the south. The
freshw ater running into the Bay originates from two m ajor rivers, the Trinity and
the San Jacinto, as well as from a series of smaller tributaries (W ard and Arm 
strong 1992). In a typical year, the total freshwater inflow is 318 m 3 s- 1 , w ith
th e Trinity River supplying about 75% of this annual flow (Bobb et al. 1973).
There are three tidal passes which connect Galveston Bay with the Gulf of Mex
ico: Rollover Pass, Bolivar Roads Tidal Pass and San Luis Pass, which provide
< 1, 85 and 14% of the exchange with the Gulf of Mexico, respectively (Pullen
et al. 1971). On average, Galveston Bay is 2.1 to 2.7 meters in depth, with the
exception of the Houston Ship Channel, which at the present tim e is 12.2 m eters
in depth.
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Figure 2. T he Galveston Bay estuarine system. The inset indicates the region
shown in the larger m ap.
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2 .1 .1 Salin ity
Salinity in the Galveston Bay system varies both spatially and temporally.
Despite this variability a general description of patterns in salinity in the Bay,
which is based on proximity to both freshwater input and saltw ater exchange, can
be given. In general, salinities in Galveston Bay increase from east to west and
from north to south. Trinity Bay, which receives input from the Trinity River,
typically has the lowest salinities, ranging from 3 to 10 ppt (W ard and A rm strong
1992). The Trinity River is the single m ajor source of freshwater for Galveston
Bay.

Consistently lower salinities are located to the east of th e Houston Ship

Channel due to the higher fraction of freshwater input from the eastern regions of
the Bay. E astern East Bay (Fig. 2) is relatively isolated from direct freshwater
input, as well as from exchange from the Gulf of Mexico, therefore salinities in this
area are m oderate, ranging from 5 to 20 ppt (Soniat 1982, W ard and A rm strong
1992). W est Bay, similar to eastern East Bay, has little freshwater input, however,
unlike eastern East Bay, West Bay has consistently high salinities due to exchanges
w ith the Gulf of Mexico through San Luis and Bolivar Roads Tidal Passes (Soniat
1982).
Seasonal variations in salinities are also evident in Galveston Bay (Fig. 3a).
In general, salinities increase w ith increased tem perature and decreased rainfall in
the sum m er and early fall. The lowest salinities occur during periods of m aximum
river discharge in the spring (W ard and Arm strong 1992).
D uring summer, highest salinities are found in West Bay, m easuring from 27
to 32.5 p pt. Consistent w ith the general p attern of salinity in Galveston Bay the
lowest sum m er salinities, ranging from 4 to 12 pp t, are found in Trinity Bay (W ard
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Figure 3. Tim e series of environm ental d a ta from Galveston Bay, Texas. A: Bayaveraged salinity (ppt), derived from the m ean flow sim ulation with the Galveston
Bay circulation model, B: Tem perature (°C) for 1984 obtained from the National
Oceanic and Atm ospheric Association m easured at the Houston International Air
port, C: Food concentration (mg C I- 1 ), D: Turbidity (g dry sediment l- 1 ). The
tim e series of food and turbidity concentration are from th e “Food Around The
Bay” program which took place between October of 1991 and September of 1992
and provided m easurem ents at 32 sites around Galveston Bay.
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and Arm strong 1992).

2 .1 .2 T em p eratu re
W ater tem peratures are generally homogeneous across the Galveston Bay
system (W ard and Armstrong 1992). The yearly tim e series of tem perature shows
a p attern th a t is typical of m id-latitude estuaxine systems (Fig. 3b). In the winter
m onths, the surface tem perature over m ost of the Bay ranges from 11 to 13°C.
During the summer m onths, surface tem peratures increase to 29 to 31°C (W ard
and Arm strong 1992). Interannual tem perature variations show maximum changes
of about 7°C, occuring in the winter m onths. Interannual tem perature variation
in the sum m er months is on the order of 3°C (Pullen et al. 1971).

2 .1 .3 F ood
Chlorophyll-a and total organic carbon have been sampled interm ittently in
Galveston Bay over the past two decades. However, the most recent complete
d a ta sets describing the tem poral and spatial variability of food concentrations in
Galveston Bay were taken in conjunction with the “Food Around The Bay” pro
gram , which was undertaken by personnel from Texas A&M University, between
October of 1991 and September of 1992. Thirty-tw o representative sites in the
Bay were m onitored for food concentration at m onthly intervals for a year. The
Bay-averaged values for each m onth (Fig. 3c) show th a t levels are highest in April,
August and November, measuring 3.5, 2.8 and 2.4 mg C l- 1 , respectively (Fig 3c).
In general, during the 1991-92 sampling period, food concentrations were higher
to the east of the Houston Ship Channel, w ith th e highest concentrations being
found in E ast Bay (Powell et al. unpublished data).
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Comparisons between surface and near-bottom total available carbon show
th a t levels near the bottom are not significantly different from levels near the
surface. The yearly averages of total available carbon from the surface and near
bottom were 46.2 and 53.8%, respectively.
W ard and Arm strong (1992) present a statistical analysis of the trends in the
historical chlorophyll-a and organic carbon measurements from Galveston Bay.
According to their analysis, chlorophyll-a concentration has decreased over ap
proxim ately 33% of the areal extent of the Bay, while a decrease in total organic
carbon has occurred over roughly 25% of the areal extent of the Bay. Several
hypothesis have been presented to explain these decreasing trends, including a de
clining nutrient supply due to improvements in waste treatm ent an d /o r reservoir
construction, unfavorable environmental conditions for phytoplankton growth, and
increased predation on phytoplankton (W ard and Armstrong 1992).

2 .1 .4 T u rb idity
The waters of Galveston Bay are characteristically turbid (Soniat 1982), and
regions of highest turbidities correspond to regions of freshwater inflow (W ard and
A rm strong 1992). Total seston m easurem ents made as p art of the “Food Around
The Bay” program , show th a t February, April and June of 1992 are m onths in
which average turbidity levels exceed 0.10 g l-1 over a large portion of Galveston
Bay (Fig. 3d). Average turbidity levels in May and November are below 0.04 g
l-1 throughout the Bay (Fig. 3d).
In general, during the 1991-92 sampling period, turbidity levels were higher
to the east of the Houston Ship Channel. Additionally, levels of turbidity were
consistently high in the area southwest of Smith Point. High concentrations were
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also found in Trinity Bay and in eastern East Bay, which is consistent w ith findings
from W ard and Arm strong (1992).
Com parison of the m onthly surface and near-bottom turbidities show th at
levels of turb id ity near the bottom are significantly higher than those at the surface
in all m onths. The yearly averages of turbidity from the surface and near-bottom
were 12.6 and 87.4%, respectively.

2.2 T h e O y ste r P o p u la tio n

2.2.1 H a b ita t
E astern oyster populations range from Nova Scotia, Canada, to the Yucatan
Peninsula, Mexico (King 1989). The Galveston Bay estuary is at the southern end
of this range. In estuarine systems w ithin this range, the E astern oyster inhabits
two estuarine zones defined by salinity, the polyhaline, 30 to 18 p pt, and the
mesohaline, 18 to 5 ppt (GaltsofF 1964). Being b o th euryhaline and eurytherm al
(Van Sickle 1976), the oyster is able to survive in the estuary, an area which
provides a refuge for organisms with the capability of compensating for extremes
in environm ental change (Kinne 1966).
The areas of m ajor oyster production in the Galveston Bay estuarine system
axe located in a band across the mid section of th e Bay, which extends for some
distance to th e north along the Houston Ship Channel (cf. Fig. 2). In this region,
th e salinity regime is optim al for adult and larval oyster growth. Suggested optim al
ranges of salinity and tem perature for the m ature Eastern oyster are 12-27 ppt
and 28-32°C, respectively (M ann et al. 1991).
Oysters are m ost often perm anently attached to hard rock or semi-hard
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m uddy bottom s, however they are not limited to these environments. Generally,
oyster larvae set wherever they can find a hard surface (Abbe 1988), although
m ost set where other larvae have attached. Larvae select clean surfaces (yet not
sterile) w ith some bacterial growth present (Yonge 1960). Sedimentation, in even
a thin layer m easuring 1 to 2 mm, will be enough to make substrate unsuitable
for settlem ent (Galtsoff 1964).
There are 26,700 acres of m apped reef in the Galveston Bay system, 20% of
which have been artificially created (U. S. Army Corps of Engineers 1995). The
m ajority of reefs in the Galveston Bay system are at depths of 1 to 2 meters,
however, they can also develop in intertidal areas and along the Houston Ship
Channel as deep as 12.2 m eters (Q uast et al. 1988). There axe prim arily three
types of reefs in the Galveston Bay estuary. The m ost common, a long narrow
reef, is oriented perpendicular to prevailing currents or paralleling channels. The
second, a pancake reef, consists of a very thin (less th an 1 m eter) layer of oysters,
and the third reef type in Galveston Bay is a concave reef, which has a central
portion th at is several inches lower th an the surrounding Bay bottom (Quast et
al. 1988).
W ater movements over these reefs are critical to the survival of the oyster
population. M oderate currents are required for free exchange of food as well as for
larval tran sp o rt (Galtsoff 1964). The delivery of food to any benthic population is
dependent upon the currents as well as th e am ount of prim ary productivity within
the estuary (Frechette 1989).

2.2.2 R e p r o d u ctio n
T he reproductive p a tte rn of the oyster differs from northern to southern lati
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tudes. In the more northern estuaries, the reproductive season is extremely short
as com pared to more southern estuaries (Van Sickle 1976). Additionally, in n o rth 
ern estuaries oyster populations produce one generation each year, while, in south
ern estuaries, like Galveston Bay, oysters may produce m ultiple generations each
year (Hayes and Menzel 1981). The fastest growing oysters are found in the bays
and estuaries along the Gulf of Mexico. Here, established oysters may begin de
velopment of new gametes immediately after the initial spring spawn (Hayes and
Menzel 1981).
Spawning of both male and female oysters, which can be stim ulated by a
change in tem perature or a chemical stimuli (Yonge 1960), is interm ittent at in
tervals of several days (Korringa 1952). The num ber of eggs each female produces
is a function of the female oyster size (Korringa 1952). T he total num ber of eggs
released at each spawning ranges from 10 to 64 x 106, with an average of about
28 x 106 eggs per spawn (Davis and Chanley 1956). Once in the w ater column,
the spawned eggs of C. virginica are heavier than water and sink to the bottom
(Gallager and M ann 1986). Vertical diffusion and horizontal currents m ay increase
the tim e the eggs rem ain in suspension and subsequently increase the chances the
egg will be fertilized (Galtsoff 1964). Larval development is initiated after the egg
is fertilized.

2 .2 .3 L arval D ev elo p m en t
T he success of the annual spatfall in the Galveston Bay system is a key factor
in determ ining future oyster abundances (Hofstetter 1983). The survival of larvae
to setting size is dependent on several factors: fertilization success, the effect
of siltation on eggs and the earliest larval stages, inherent genetic variability of
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the larvae, loss from the estuarine system by advection and predation, extremes
in environm ental conditions, the inability to find adequate reef at the tim e of
m etam orphosis, and loss during metamorphosis.
Variation in larval development rates are due prim arily to the environm ental
conditions to which larvae are exposed throughout their development (Dekshenieks et al. 1993). Loosanoff and Davis (1963) and Loosanoff (1965) showed th a t
tem perature and food concentration were the two prim ary environm ental vari
ables affecting the development of oyster larvae. Additional studies dem onstrated
th a t salinity (Butler 1949, Davis 1958, Davis and Calabrese 1964, Ulanowicz et
al. 1980), turbidity (Davis 1960, Carriker 1986, H untington and Miller 1989), and
oxygen content (Widdows et al. 1989) also affect larval growth and survival. These
studies, while providing insight into the factors controlling larval growth, typically
considered only one or two environm ental factors. However, in the environm ent
it is the combined effect of all environm ental factors th a t determines th e growth,
development and ultim ate survivorship of the larvae.
Larval settlem ent and metamorphosis provide the connection between the
larval planktonic phase and the sessile post-settlem ent oyster population. This
connection occurs when larvae reach 300 to 350 fim (Galtsoff 1964), at which tim e
they are ready to end their planktonic phase and settle (Morse 1991). Settlem ent
through metamorphosis refers to the tim e of irreversible loss of larval mobility. A
recruit is often regarded as a settled individual which has survived some arb itrary
post-settlem ent tim e (Roegner 1991). In th e study presented here, however, larvae
will be defined as recruits after successful settlem ent through m etam orphosis.
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2.3 R e la te d M od elin g Stu d ies
There have been a limited num ber of modeling studies for bivalves which
address the interactions between population growth, the tim ing and intensity of
adult spawning, and the survivability of the larvae in the plankton. This section
describes modeling studies for bivalves, as well as for other m arine organisms,
which are related to components of the oyster population model used in this study.

2.3 .1 T h e P o st-S e ttle m e n t P o p u la tio n
Early models of bivalve growth include two models developed by Soniat
(1982), which assessed the effect of particle selectivity on the growth of C. virginica. The first of these models assumed th at the oyster is not capable of selective
feeding. T he second allowed the oyster to select only the organic portion of the
food supply, until the threshold of ingestion is reached. Model results show th at
when the oyster is incapable of particle selection, 83% of the energy available
from filtration is lost as pseudofaeces and only 2% of the energy of the filtered
m aterial is apportioned to bivalve growth. W hen it is assumed th a t the oyster is
capable of selectively ingesting organic m aterial, 16% of the energy available from
filtration is lost as pseudofaeces and 11% of the energy of the filtered m aterial is
apportioned to bivalve growth. W hen th e oyster selectively feeds, nearly 5.5 times
m ore energy is available for growth. These models illustrate the im portance of
considering the rations being ingested by the oyster as a result of feeding strate
gies. Oyster growth alone, however, does not result in the observed structure of
reef communities, sources of m ortality also play an im portant role.
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2 .3 .2 P o st-S e ttle m e n t M ortality
M ortality affecting benthic bivalve populations is due to the cumulative effects
of physical stress, predation, parasites and competition. The effects of stress on
the physiological energetics of m arine mollusc populations were investigated w ith
a m odel (Koehn and Bayne 1989). Stress is considered to be any factor creating a
reduction in growth in response to environm ental change (Koehn and Bayne 1989),
such as tem perature and salinity variations. It is noted th a t positive scope for
growth occurs in oysters over a wide range of tem peratures and salinities, however,
negative scope for growth occurs at the extremes of the range due to increases in
associated m aintenance costs. It is necessary to consider the cumulative effects of
these stresses when modeling m arine mollusc populations.
Predator-prey interactions, like the interaction between the blue crab (Callinectes sapidus) and the oyster (C. virginica), can also play a m ajor role in deter
m ining bivalve mortality. An early model of the basic behavioral components of
predation was developed by Holling (1965). This model assumes th a t th e num 
ber of prey encountered is dependent upon four factors: attack rate, foraging
tim e, prey density, and handling time.

Eggleston (1990) undertook laboratory

experim ents th a t used different tem perature regimes to investigate the functional
responses of blue crab predation on juvenile oysters, and compared his experim en
tal results to th e theoretical results obtained by Holling (1965). Laboratory and
m odeling results were in agreement and showed th a t small changes in tem perature,
as well as prey density, can m ediate foraging behaviors th a t regulate predator-prey
dynam ics (Eggleston 1990).
Parasites affecting the benthic populations are also significant contributors
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to population m ortality. An analytical model developed for the specific m arine
parasitic-castration system, an isopod-barnacle association, dem onstrated how a
parasite population can reduce the mean fecundity of the barnacle (Blower and
Roughgarden 1987). Model results show th at prevalence and fecundity are in
versely related. Oyster fecundity has also been shown to be inversely related to
P. marinus prevalence (Choi et al. 1989). P. marinus causes m ortality, decreased
growth and decreased fecundity in oyster populations by reducing the energy avail
able to the oyster for production and respiration (Choi et al. 1989).
Finally, com petition plays a role in the determ ination of oyster mortality.
Frechette et al. (1989), designed a two-dimensional, finite element model to sim
ulate the influence of mussels, Mytili3 edulis, on th e phytoplankton distribution
above the bottom . Model results, confirmed by field observations, dem onstrate
th a t mussels can create significant reductions in phytoplankton concentration close
to the bottom . Mussels, which can tolerate wide ranges of tem perature and salini
ties, occur intertidally on a variety of substrates: rock, stones, shells, or anywhere
th at provides a firm anchorage, this includes oyster reef (Bayne 1976). Mussel pop
ulations dwelling w ithin the reefs provide com petition for food. Considering the
work of Frechette (1989), the influence of the mussel population on the phytoplank
ton concentration is taken into account in the development of the oyster-circulation
model.

2 .3 .3 Larval D ev elo p m en t
The settlem ent of the planktonic larvae of m arine benthic organisms varies
considerably in both space and tim e (Connell 1985). There axe several factors th at
determ ine th e num ber th a t settle in any particular region. The num ber of oyster
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larvae reaching a settlem ent site is, in part, determined by th e tim ing of spawning,
oyster fecundity, and the survivability of the larvae in the plankton. Once the
larvae reach a site, settlem ent is dependent upon water conditions adjacent to the
site and the presence or absence of cues for settlement (Connell 1985).
An individual based model (M adenjian 1991) was used to investigate the
im pact of growth on larval survivorship and recruitm ent variability for th e juvenile
stages of a the Walleye ( Stizosttdion vitreum vitreum), a large game fish. Over
winter survival of the juvenile Walleye is known to be dependent upon a critical
juvenile size at the end of their first growing season. The m odel is used to provide
predictions of length frequencies, based on prey-encounter rate, at the end of the
Walleyes’ first growing season. If the Walleye reaches the critical size by the end
of its first growing season, it is assumed the juvenile will survive over-winter and
become a recruit the following season. This model focuses on only one phase of the
recruitm ent process, but it gives a good first-order approxim ation of the numbers
of potential recruits to Walleye population.
The effect of length of the planktonic period and advection on recruitm ent
success has been addressed by Hill (1991), who developed a two-dimensional
advection-diffusion model in which a generic larval species was released at one
site and was constrained to arrive at a second pre-defined site by the end of a
50-day planktonic period. Model results show the crucial interaction between the
length of the planktonic period and the velocity of the advective currents, in re
turning the larvae to sites suitable for settlement. The length of the planktonic
period is also crucial in th a t, the more quickly the larvae develop to a competent
setting size the lower the probability the larvae will be lost to predation.
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Larval survivorship can be expected to be inversely correlated with larval life
span because most factors controlling m ortality, like predation, should be functions
of the tim e of exposure, namely larval life span. The time spent in the plankton is
determ ined by the larval growth and developmental rates which are significantly
affected by environmental conditions.

2 .3 .4 Larval S ettlem en t
Once oyster larvae reach a settlem ent site, cues to initiate and encourage larval
settlem ent are crucial to the settlem ent process (Bonar et al. 1990). A ppropriate
cues for the settlem ent of oyster larvae could include: the presence of adult oysters,
clean substrate and adequate current flow (Crisp 1976). In the modeling study
described in this document, the presence of adult oysters is accepted as an adequate
cue for settlem ent.

After the appropriate cues are established and settlem ent

occurs, it is the local processes of growth and m ortality which structure the benthic
m arine populations (Pascual and Caswell 1991).
Even after the larvae reach the settlem ent site and receive the appropriate
settlem ent cues, water conditions may not be favorable for the settlem ent of these
individuals. A tim e-dependent num erical model of larval settlem ent in a tu rb u 
lent bottom boundary layer was developed to investigate the relative influences of
vertical advection, turbulent mixing, shear and near-bed larval behavior on the
settlem ent capabilities of planktonic larvae (Gross et al. 1992). Model results in
dicate th a t when the larval settlem ent velocity is significantly greater th an vertical
advection, net settlem ent is governed by the larval settlement velocity in regions
th a t are not highly turbulent. For oyster larvae th a t have reached com petent set
tlem ent size, the larval settlem ent velocity can be in excess of 5 m m s-1 (Hidu and
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Haskin 1978), which exceeds the m edian vertical advection of 1 m m s- 1 , m easured
over reef slopes in Galveston Bay (Dr. E. W ilson-Ormond, pers. comm.).
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C h apter 3. M eth o d s

3.1 G en eral D escrip tio n
Three models were used to simulate the effects of environmental variability on
the population structure of the Eastern oyster. The first model, a tim e-dependent
post-settlem ent model, simulates the growth, reproduction and m ortality of the
benthic phase of the oysters’ life history. Sub-models associated w ith the post
settlem ent model include: a tim e-dependent model of the net growth and transm is
sion of the parasite, P. marinu3; a model of the predatory effects of crabs and snails
on the oyster population; and, a model th at provides estimates of the competi
tive effect of mussels on oyster food supply. The second model, a tim e-dependent
larval model, simulates larval growth and m ortality during the planktonic larval
phase. The final model is a three-dimensional circulation model developed by the
U. S. Army Corps of Engineers for Galveston Bay, Texas (Berger et al. 1994). The
circulation m odel provides horizontal velocity and salinity distributions on a finite
element grid th a t was used to represent the Bay geometry. Element-averaged flow
and salinity, obtained from the circulation model, axe input to the post-settlem ent
model. T he element-averaged salinity is input to th e larval model.
T he post-settlem ent m odel runs within each grid element th at contains oys
ter reef, and the larval model is operative in those grid elements where there is
a viable spawn. The post-settlem ent and larval models also use as inputs Bay-
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wide m easurem ents of monthly-averaged food and turbidity distributions, and an
hourly-averaged tem perature time series. These models, the associated environ
m ental data, as well as the statistical m ethods used for analyses of the simulated
oyster distributions are described in the sections which follow.

3.2 T h e O yster M odel

3.2 .1 P o st-S e ttle m e n t M od el
The tim e-dependent post-settlem ent model (Fig. 4) simulates the benthic
phase of the oyster life cycle.

This model and its application is described in

Powell et al. (1992, 1994, 1995a, 1995b) and Hofm ann et al. (1992, 1994). In
the post-settlem ent model the oysters’ life history is represented by 11 size classes
which are defined in terms of biomass (Table 1). Each size class can be converted
to length, using any length-to-weight relationship, such as the one given by W hite
et al. (1988). W ith this relationship, the oyster size classes can be converted to
lengths as shown in Table 1.
Net production, N P j , within any of the size classes, j , is the sum of somatic.
P g j , and reproductive, P ry , tissue. Net production ( P g j + P ry ) is assumed to be

the difference between assimilation Ay and respiration Py (Powell et al. 1992),
and is given as:

N P j = Pgj + Prj = A j - R j

( 1)

for j = 1 to 11.
Juveniles are those oysters in th e first three size classes measuring from 0.3
to 50 m m in length (Table 1). Juveniles are incapable of reproduction, therefore
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Table 1. R anges of biom ass and len gth used to define th e oyster size
classes.
Oyster Size
Class
1

Biomass
(g ash free dry wt)
1.3 x 10-7-0.028

Length
(mm)
00.3-25.0

2

0.028-0.10

25.0-35.0

3

0.10-0.39

35.0-50.0

4

0.39-0.98

50.0-63.5

5

0.98-1.44

63.5-70.0

6

1.44-1.94

70.0-76.0

7

1.94-3.53

76.0-88.9

8

3.53-5.52

88.9-100.

9

5.52-7.95

100.-110.

10

7.95-12.93

110.-125.

11

12.93-25.91

125.-150.

iuveniles

adults
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all net production is channeled into growth. After reaching 50 mm, the fourth
size class, oysters are classified as adults. In the adult phase of development, net
production may be divided between growth and reproduction.
T he post-settlem ent m odel perm its positive scope for growth, which is the
accum ulation of biomass, as well as negative scope for growth, which is the loss
of biomass, within size classes. Scope for growth is the difference between energy
gained from assim ilated food and energy lost to respiration (Bayne 1976). Positive
scope for growth occurs in tim es of ample food supply and favorable environmen
tal conditions. In turn, negative scope for growth occurs during the winter season
when gonadal m aterial is re-absorbed, or during periods of unfavorable environ
m ental conditions.

The governing equation for the post-settlem ent population

model is then w ritten as:

- Q - = Pgj + Pr j + (gain f r o m j — 1) —(loss t o j + 1)+
dt

(2)

(gain f r o m j + 1) —(loss to j — 1) —mortality j
Equation (2) gives the tim e (t) change in oyster biomass (expressed in calories)
in each size class. The th ird and fourth term s on the right side of equation (2)
represent positive scope for growth, where individuals grow into the next largest
size class. The fifth and sixth term s on the right side of equation (2) represent a
negative scope for growth, where individuals lose biomass and are transferred into
th e next lowest size class. T he final term on the right hand side of equation (2)
represents m ortality of juvenile and adult oysters. This term represents m ortality
due to parasitism by P. marinus, predation by crabs and oyster drills, com petition
due to mussels and extremes in environm ental conditions. These various sources
of m ortality for the post-settlem ent population axe discussed m ore fully in section
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3.3. A summ ary of the functional relationships used in th e post-settlem ent model
is given in Table 2.

3 .2 .2 Larval M odel
The larval model is designed to simulate the development of oyster larvae
through the planktonic period of the oysters’ life history (Fig. 4). O yster larvae
are roughly 65 fim in diam eter after fertilization and grow to a length of roughly
335 gm (Stafford 1913) at which tim e they are competent to settle into the benthic
oyster community. The governing equation for each larval size class is given by:

= (t r a n s f e r i - i ) — (t r a n s f e r a l ) — mortalityi

(3)

where L is the concentration of larvae in size class i, for i = 1 to 271. T he change
in larval num ber with tim e in each size class is the result of the introduction of
new individuals from the previous size class (t r a n s f e r i - i ), the loss of individuals
to the next size class ([ t r a n s f e r a l ), and m ortality processes (mortalityi).
T he transfer rates axe determ ined by growth processes.

Larval growth is

determ ined by four prim ary environm ental factors: tem perature, salinity, food
concentration and turbidity (Butler 1949, Davis 1958, Davis 1960, Loosanoff and
Davis 1963, Loosanoff 1965, Carriker 1986, Huntington and Miller 1989, Seaman
1991). The effect of hypoxia on larval growth is not included in the model because
observations of this effect are lacking for the environment considered in this study.
A sum m ary of relationships used in the larval growth model to determ ine the
transfer rates in equation (3) is given in Table 3. A more detailed description of
the tim e-dependent larval growth model is given in Dekshenieks et al. (1993).
T he larval mortality term includes the prim ary sources of larval mortality.
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T able 2. Sum m ary of th e relation sh ips used in the p o st-se ttlem e n t oyster
m o d e l. See H ofm ann et al. (1992; 1994; 1995) and Pow ell et al. (1992;
1994; 1995a; 1995b) for d etails.
Conditions

Process

Equation

Reference

Assimilation:
filtration
tem perature

FR

r a J

weight
salinity

S > 7.5 ppt
3.5 < S < 7.5 ppt
S < 3.5 ppt

turbidity

=

Doering k O viatt (1986)

2.05

K j = w °-31710°-660

Ilibbert (1977)

F R a,

=

FRj

Loosanoff(1953)

F R ai

=

F R , { S - 3.5)/d.O

FRai = Q
F R n = F R a,{ 1

-

.0 1 ( ! s ^ H ) )

Loosanoff k Tommers (1948)

ingestion

/ = (F R ,)U ood)

assimilation

A = (Ae)(J)

Tenore k Dunstan (1973)
Langefoss k Maurer (1975)
Valenti k Epifaaio (1981)

R j = (09.7 + 12.6T)tVj-1

Dame (1972)

T < 20°C
T > 20°C

Rf — 0.007T* -j- 2.099
Rr = .0915T + 1.321

Shumway k Koehn (1982)

S > 15 ppt

R j = Rj

10 < S < 15 ppt
S < 10 ppt

R ^ R ^ l +l& fil^-S )})

ResDiration:
tem perature
k weight

salinity

Reoroduction:
( j = d to 11)

tem perature

Jan. ■ June
July • Dec.

R j = RjRr

R c j j j = O.OSdT - 0.729

Soniat k Ray (1985)

R c / j j = 0.0d7T ■ 0.809

Prj = R ' j j j N P j
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Table 2. continued. Explanation of variables and associated units from
th e relation sh ip s used in the p o st-settlem en t oyster m odel.

Parameter
FRj

T
Wj
S
T

F R rj

I
A
Ae
Rj

b
Rr

Reffj
PVj

Definition
filtration rate for each size class
temperature
ash free dry weight for each size class
salinity
total particulate matter (organic + inorganic)
filtration rate modified by
total particulate matter
ingestion
assimilation
average assimilation efficiency = 0.75
respiration
coefficient = 0.26
-^lOppt
t^20ppt
reproductive efficiency
portion of new production that goes
to reproduction

Units
ml ind-1 min -1
°C
g dry wt
ppt
g l-1
ml ind 1 min 1
mg ingested ind-1 min-1
mg assimilated ind-1 min-1
(A 0 2 hr-1 (g dry wt)-1
-

g dry wt
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Table 3. Sum m ary of th e p aram eterization s used to m o d el th e grow th and
d evelop m en t of oyster larvae (D ek sh en iek s e t al. 1993). The governing
eq uation used to d eterm in e th e transfer rates in eq u ation (3) is:
ds
— = grow th(food, size) x ts fa c to r X turbef.

T h e term s in th e governing equation s are defined and th e characteristics
of each are given. T he d ata sources on w hich th e param eterization s for
th e larval grow th process are based are given . T h e figure in D ek shenieks
et al. (1993) th a t show s th e relation sh ip s u sed in th e larval grow th m odel
is in d icated .
Term

C haracteristics and
P aram eterizations

D a ta Sources

Figure

dS
dl

tim e ra te of change of larval size, S , expressed
in f a n .

—

figure 9

g r o w th ( fo o d , size )

low grow th rates a t low food for all sizes,
m axim um grow th occurs a t 3.0 m g C I - 1 ,
for larvae 105-135 f i m

Rhodes and L anders (1973)

figure 2

ts fa c to r

low grow th a t low tem p eratu res and salinities
increased grow th w ith increased te m p e ra tu re
increased grow th a t salinities of 17.5 to 25 p p t

Davis (1958)
Davis and C alabrese (19C4)

figure 3

tu r b e f

tu r b e f

Davis (1900)
H u n tington and Miller (1989)

figure 4

tu r b e f

=
=

m

*tu

r b

+ c (tu rb id ity < 0.1 g l ~ 1 ) '
(tu rb id ity > 0.1 g l ~ 1) '

* m and c are (0.542%)/(g dry wt l- i ) and 1.0%, respectively
’ b, fS and turb0 are 0.375%, 0.5 (g dry wt I-1)-1, 2.0 g dry wt l-1, respectively
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These are: failure for the egg to be fertilized, the effect of siltation on eggs and
the earliest larval stages, inherent genetic variability of the larvae, loss from the
estuarine system by advection and predation, extremes in environm ental factors,
the inability to find adequate reef at the tim e of metamorphosis, and loss during
m etamorphosis. These axe discussed in the following sections.

3 .2 .2 .1 F ertilization E ffect
For m ost bivalves, fertilization occurs externally in the surrounding water.
For this reason, the density of th e spawning population has a significant effect on
fertilization success. To account for this effect, Levitan (1991) investigated the
influence of sea urchin (Diadema antillarum) density on fertilization success. His
empirical studies resulted in a relationship th at estimates fertilization success as
a function of the density of the spawning population. Stated m athematically:

log % fertiliz at ion = 0.72(logio(OD)) + 0.49

(4)

where OD represents the density of the spawning oyster population (num ber m - 2 ),
which is derived from the post-settlem ent model. Spatial variability is incorpo
rated into the fertilization effect through the density of the spawning population,
OD. Equation (4) does not account for the effects of circulation or turbulence on
fertilization success.
In lieu of direct observations for oysters, the above relationship was assumed
to represent the influence of E astern oyster density on fertilization success.

3 .2 .2 .2 S ilta tio n
Turbidity can cause significant m ortalities during the earliest phase of larval
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development. Loosanoff (1962) summ arized work done by H. C. Davis, in which
the effects of turbidity on the eggs and earliest larval stages of Cra 3 S0 3 trea virginica
larvae were investigated. These results show th a t at turbidity concentrations of
0.125 g I- 1 , 5% of fertilized eggs fail develop to the straight-hinge stage (roughly 74
gm ). Under increased turbidity concentrations, 0.25, 0.50 1.00 and 2.00 g l - 1 , the
percent m ortality is increased considerably to 27, 69, 97, and 100%, respectively.
Following the summ ary presented by Loosanoff (1962), the effect of turbidity on
the eggs and the earliest larval stages was calculated using the following equation:

(a x b)
m °rtt ~ ((a - b) x e(~cXt'Lrt>) + b)

^

where m o rt t is the rate of larval m ortality in the first size class (d- 1 ), a is 0.5
d - 1 , b is 0.001 d - 1 , c is 10.5 ^ p r and turb is the ambient turbidity concentration
(g I- 1 ). This m ortality during early larval development is incorporated through
the mortalityi term in equation (3) for larval size class 1.

3 .2 .2 .3 B ack grou n d M ortality
Background m ortality is based on the premise th at inherent variability among
sibling larvae can be expected (Gallager and M ann 1986), and th at some larvae
will fail to develop completely through the planktonic period. Using larvae w ith
differing egg lipid contents, which have been suggested to be an indicator of phys
iological condition for bivalve larvae, Gallager and M ann (1986) calculated larval
survival from egg to straight-hinge, and from egg to pediveliger. The m ean larval
survivorship used to represent background larval m ortality in the Galveston Bay
oyster model was obtained by averaging th e survival values given by Gallager and
M ann (1986) for six different experim ental spawns, each with differing egg lipid
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contents. T he resultant mortalities for egg to straight-hinge, and egg to pediveliger
are 37.0 and 94.4%, respectively. Thus, a m ortality value for egg to straight-hinge
of 37.0% was used in the larval model, and a m ortality value for straight-hinge to
pediveliger, th a t was calculated based on the m ortality values for egg to straighthinge and egg to pediveliger, of 91%, was used in the model. These background
m ortality rates, expressed in d - 1 , were incorporated through th e mortalityi term
in equation (3) for larval size classes i = 2 to 270.

3 .2 .2 .4 A d v ec tio n and P red a tio n
The rates of m ortality due to predation and advection from the estuary are
unknown for the larval stages of a m ajority of m arine organisms. Additionally,
larvae in the coupled oyster-circulation model are not advected between elements.
For these reasons, larval m ortality due to predation and advective loss was deter
mined empirically. W ith all other known sources of m ortality in place, a sim ulation
w ith m ean freshwater inflow and tem perature, as well as m ean food and turbid
ity concentrations was run. The unknown m ortality term was adjusted, so th at
sim ulated model results approxim ated observed distribution of recruits known to
sustain the post-settlem ent population. This adjusted m ortality rate, averaging
0.92 d - 1 , was incorporated through the mortalityi term in equation (3) for larval
size classes i = 2 to 270.
This m ortality rate is a closure term for th e coupled model. Alternative m eth
ods for determ ining this term would be through a controlled hatchery or mesocosm
experim ent, in which environmental conditions could be closely m onitored and the
initial and final abundances of larvae could be determ ined.
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3 .2 .2 .5 E n viron m en tal Factors
Extrem es in environmental factors are also responsible for the m ortality of lar
vae w ithin the estuarine environment. In p art, the m ortality due to environm ental
conditions is determ ined by the larval growth rate, which governs the length of
the planktonic period. Larval growth rate is determ ined by four environm ental
factors: tem perature, salinity, food and turbidity concentrations. Thus, under
extremes of these environmental conditions, such as salinities near zero or tem per
atures approaching freezing, larval growth rate ceases and the larvae fail to grow
to com petent setting size. Thus, larvae remaining in the w ater column at the end
of the calendar year are considered dead and are removed from the water column,
thereby representing a loss from the system.

3 .2 .2 .6 S u itab le S u b strate
Each element in the finite element grid, has a pre-defined fraction of available
substrate for oyster development. W hen eggs are released into an element, the
num ber of eggs is multiplied by the fraction of reef available in the element. Thus,
in elements with a small fraction of suitable hab itat fewer larvae have the potential
for settlem ent. This allows the effect of suitable substrate for larval settlem ent to
be incorporated.

3 .2 .2 .7 M eta m o rp h o sis
A high percentage of larvae may also be lost during the process of m etam or
phosis. In a study related to Gallagher and M ann (1986), Gallager et al. (1986)
present ranges for percentages of competent larvae completing m etam orphosis, ob
tained from larval cultures w ith varying lipid indexes (ranging from mediocre to
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good). To arrive at a num ber for survivorship through m etamorphosis to be used
in the model, the percentages of larvae completing metamorphosis were averaged
to obtain a larval loss during metamorphosis of 65%. To determ ine the num ber of
larvae surviving through m etamorphosis, the number of larvae reaching com petent
settlem ent size were m ultiplied by the fraction of larval survivorship, 0.35.

3 .3 E x tern a l C ontrols

3 .3 .1 D isea se
Parasitism by P. marinus reduces oyster growth and fecundity (Fig. 4). Addi
tionally, under high levels of infection oyster m ortality occurs (Choi et al. 1989).
In the oyster population model, the prim ary effects of P. marinus infection on
oysters is a reduction in oyster filtration rate and eventually death (Hofmann et
al. 1995) as shown in Figure 4. The loss of energy to P. marinus is an additional
loss from oyster net production, and is represented as:

N P i,k = A hk - Rj,k ~ E j tk

(6)

where E j ^ is the energy lost to P. marinus.
T he infection intensity of P. marinus, and hence its effect on the oyster, can
increase or decrease depending on environm ental conditions. Thus, m ultiple levels
of infection intensity are possible. This is incorporated into the governing equation
for the oyster population model as:
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dO j k

= P 9j,k ~r P r j tk t" (gain f r o m j - 1) - (loss to j + 1)+
(gain f r o m j ~ 1) — (loss to j —1)+
(?)

(gain f r o m k — 1) —(loss t o k + 1)+
(gain f r o m k + 1) —(loss t o k — 1) — lossj
where k = 1 to 28. The seventh and ninth term s on the right side of equation
(7) represent increases in P. marinus infection intensity in oyster size class j. The
eighth and ten th term s on the right side of equation (7) represent decreases in
P. marinus infection intensity in oyster size class j .
The effect of tem perature and salinity on P. marinus infection intensity is
also incorporated into the model. Observations suggest th a t P. marinus infection
intensity begins to increase when the tem peratures and salinities exceed 20°C and
20 p p t, respectively (Hofmann et al. 1995). A more detailed description of the
model of P. marinus infection is given in Hofmann et al. 1995.

3 .3 .2 P r e d a to rs
Two predators, the oyster drill (Thais haemastoma) as well as a generic crab
[representative of the blue crab (Callinecte3 sapidus) and the m ud crab (Panopeus
herbstii)], were included as external factors affecting oyster production.

3 .3 .2 .1 O y ster D rill
The base predation rate for the oyster drill, Pre du (oysters drill-1 d - 1 ), was
calculated as a function of drill and oyster biomass. The base predation rate of
oyster drills on oysters was obtained from m easurem ents given in Gaxton (1986).
Average predation rates for drills on small (1-2 cm) and large (4-5 cm) oysters

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

37

were 8 and 1 (oysters drill-1 d -1 ), respectively (G arton 1986). The base predation
rate was modified by the effects of tem perature, salinity, oyster density, and drill
density using the following equation:

Predom = (Pr e d u ){ T S u ){ P d f) {D frac)

(8)

where P r e d u m is the modified drill base predation rate, T S d is the tem perature
and salinity effect on drill predation rate which is based on d a ta presented in Stickle
(1985), Oif is the oyster density factor, and D f rac is the influence of drill density.
The total num ber of calories needed by drills was estim ated from the modified
drill base predation rate and the drill density. These calories were removed from
the oyster population.
Time invariant size frequencies and the spatial distribution of drills were ob
tained from the Galveston Bay National Estuaxine Program (GBNEP) health as
sessment, which occured over a three week period in April and May of 1992. During
this time, 51 sites from all m ajor reefs in the Galveston Bay system were inten
sively sampled. These 51 sites were used as a basis to calculate the size frequency
and spatial distribution of oyster drills, th at were input to the post-settlem ent
model. In the GBNEP health assessment, drills were found in salinities above 14
ppt. A functional relationship relating lower salinities to decreased drill predation,
lim ited drill predation in the low salinity regions (Powell et al. 1995b).

3 .3 .2 .2 C rabs
The base predation rate for crabs, Pre dc (oysters crab-1 d- 1 ), was calcu
lated as a function of crab and oyster length, from measurem ents given in Bisker
and C astagna (1987). Average predation rates for blue crabs and m ud crabs on
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small oysters (2-2.5 cm) were 17.4 and 21.5 (oysters crab-1 d- 1 ), respectively
(Bisker and Castagna 1987). The base predation rate was modified by the ef
fect of tem perature, salinity, oyster density, and crab density using the following
equation:

Predcm = (P re d c)( TS c){ O d f){ Cf rac)

(9)

where Predcm is the modified crab base predation rate, T S c is the tem perature
and salinity effect for crabs based on d a ta presented in W hetstone and Eversole
(1981), Oif is the oyster density factor, and C f rac is the influence of crab density.
T he to tal num ber of calories needed by crabs was estimated from the modified
crab base predation rate and crab density. These calories were removed from the
oyster population.
The tim e invariant size frequencies and the spatial distribution of crabs were
also obtained from GBNEP health assessment data. In the GBNEP health as
sessment crabs were found distributed uniformly throughout the Galveston Bay
system. The coupled oyster-circulation model was initialized with crab distribu
tions representative of the GBNEP health assessment data.

3 .3 .3 C o m p e titio n
Mussels inhabit brackish water estuaries, where there is significant w ater
movement, often sym patrically w ith oysters (Bayne 1976). Mussels living in prox
im ity with oysters axe competitors for th e oysters’ food. The total amount of w ater
filtered over an oyster bed is increased due to the presence of the mussels. In tu rn ,
this decreases the total am ount of food the oysters will receive. If the oysters’ food
availability is decreased sufficiently, negative scope for growth or even death may
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occur.
Mussel filtration rate was param eterized by standard equations used for bi
valves given in Powell and Stanton (1985) as follows:

TT7- 0.96
m0.95
F R m = ( - = - 2 95-------- ) ( l - t - 6red)

(1Q)

where F R m is the mussel filtration rate (ml m in- 1 ), W m is mussel biomass (mg),
T is the w ater tem perature (°C), and turbred is the percent reduction due to
increased turbidity. Additionally, mussel filtration rate is reduced when salinities
fall between 3.5 and 7.5 p pt, and ceases at salinities below 3.5 ppt. T he salinity
reduction factor, for salinities between 3.5 and 7.5 ppt, applied to equation (10)
is the following:

where S red is the salinity reduction factor, and S is salinity expressed in ppt.
The spatial distribution of mussels in Galveston Bay was obtained from the
GBNEP health assessment program .

Correlations between salinity and mussel

num ber showed th a t mussels were rarely found at salinities above 14 ppt in Galve
ston Bay. Thus, when salinity exceeded 14 ppt during the course of a sim ulation,
mussel density was reset to zero to agree with observed field distributions (Powell
et al. 1995b).

3 .3 .4 Low S alin ity
Episodes of extremely low salinities can cause catastrophic oyster m ortalities
(Powell et al.

1995b). Thus, a tem perature dependent, low salinity m ortality
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induced by salinities lower th an 6 ppt was included as:

M o r t s = K s (number o f living oysters)

(12)

where M o r t s is the num ber of oysters dying tim e - 1 , and K s is the daily m ortality
rate (d- 1 ). The daily m ortality rate is form ulated as the following:

Kg = (« i S -r PiT) 4- [a2 S + ft2 )•

(13)

where S is salinity (ppt), T is tem perature (°C), a\ is -0.000348 d -1 p p t- 1 , Pi is
0.01764 d -1 °C - 1 , a 2 is 0.00232 d -1 p p t- 1 , and 02 is -0.3089 d - 1 .

3 .4 E n viron m en tal C ontrols

3 .4 .1 T h e C irculation M od el
A three-dimensional finite element circulation model was developed for Galve
ston Bay, Texas and the surrounding offshore region by the U. S. Army Corps of
Engineers at the Waterways Experim ent Station in Vicksburg, Mississippi (King
1985, King 1988, Berger et al.

1994, McAdory et al.

1995).

The element-

averaged water velocities obtained from the circulation model are input to the
post-settlem ent model, and the element-averaged salinities obtained from the cir
culation model are input to the post-settlem ent and larval models. The circulation
model and sim ulated distributions obtained from the model are described below.

3 .4 .2 G rid C on figu ration
W ith a finite element approach, the region being modeled is subdivided into
a num ber of subregions known as elements. These elements are defined by their
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nodal points which are located along the sides of elements (Owen and Hinton
1979). Small elements result in fine resolution, which is necessary where depths and
velocities vary the most significantly (King 1985). A m ajor advantage of using the
finite element m ethod in estuarine systems is the ability to independently assign
elements of variable resolution and place nodes at arbitrary locations (Pinder and
Gray 1977). The accuracy of the solution from a finite element model is dependent
upon the specification of th e element subdivision (Owen and Hinton 1979).
The circulation model has a predom inantly three-dimensional configuration,
with the exception of the West Bay region west of the Pelican Island Em bayment
and the offshore areas where the model is two dimensional. The three-dimensional
portion may consist of one layer in the shallow areas of the Bay or may consist of
up to three layers in the channel areas (Berger et al. 1994).
The dom ain of the finite element circulation model extends over Galveston
Bay, Texas and the near-coastal shelf region and is based on the present config
uration of Galveston Bay, its tributaries and the adjacent shelf (Fig. 5). Outside
Galveston Bay, the model domain extends from 8 to 16 kilometers over the ad
jacent shelf. In the surface dimension of the circulation model there are 1,996
elements and 6,190 nodes. In its three-dimensional configuration there are 5,112
elements and 12,270 total nodes.
The resolution of the finite element grid is variable. In the horizontal, the
resolution ranges from fractions of kilometers to tens of kilometers. The finest
horizontal resolution is in th e Houston Ship Channel and in the surrounding shal
low Bay areas; the coarsest resolution is on the adjacent shelf. Similarly, the finest
vertical resolution is in the Houston Ship Channel where depth is m ost variable.
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Figure 5. T he dom ain of the finite element circulation model. The dark region
in the center of Galveston Bay corresponds to the Houston Ship Channel which is
represented by m any small elements.
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The principal element types used in the circulation model are the brick, a
three-dim ensional rectangular element with 8 faces and 20 nodes, and the prism,
a three-dim ensional triangular element with 5 faces and 15 total nodes. Pyram ids
and tetrah ed ra are also used, b u t less frequently (King 1988).

3 .4 .3

M o d e l F orm u lation s

The equations governing the circulation distributions include the m om entum
equations, the volume continuity equation and the advection-diffusion equation
for salinity tran sp o rt (King 1985, King 1988, Berger et al. 1994). The m om entum
equations for flow in the east-west (x), north-south (y ) and vertical (x) directions
are w ritten as follows:

dv
— --------- ( -

dv
U

— ----------- C

dv

dv

1 ) ---------- >- 11!-------

(15)

dw

dw

dw

dw
(16)

where u. v and w axe the x, y, and z components of velocity, respectively; A h
and A v are th e kinem atic eddy viscosities; p, g and p are density, acceleration due
to gravity and w ater pressure, respectively; / represents th e Coriolis acceleration,
where / = 2£lsin9,

is th e angular rotation rate of th e earth, and & is the local

latitude.
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The equation for the continuity of volume is w ritten as follows:

du

dv

dw

& +

(17)

T he advection-diffusion equation, form ulated in term s of the dependent variable
salinity (5 ), is w ritten as follows:

dS
dS
dS
dt ‘ Ud x + V dy

dS
d
dS
d , n dS,
d
dS,
W dz ~ d x ^ Xd x ^ + d y ^ y dy^ + dz^' Z~d~z]

n ,
3

,

where S is salinity in parts per thousand, D x, D y, and D z are the eddy diffusion
coefficients for salinity and 9S is a source or sink of salinity.
By assum ing th at vertical accelerations are negligible, equation (16) can be
simplified (King 1985, King 1988, Berger et al. 1994). (As an example of scale,
m ean vertical velocities generated from the circulation model in Trinity Bay are
0.00005 cm s- 1 , while the m ean horizontal velocities in the same region are 5
cm s- 1 .) By using the hydrostatic assum ption, equation (16) is simplified to the
hydrostatic equation:

|f+ P 5 = 0

(19)

The above equations have been form ulated to provide sim ulations of the three
dimensional circulation in Galveston Bay. However, there are regions in West
Bay, west of the Pelican Island Em baym ent, and offshore areas which have a two
dimensional configuration.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

45

3 .4 .3 .1 W ind Stress
Energy is input to the circulation model at th e surface by wind stress, which
is assumed to be constant over the Bay. W ind stress (rw) at the w ater surface is
calculated w ith the following equation:

t w

=

P a C d w W

2

(

20

)

where pa is air density in kg m ~3, Cdw (~ 10- 3 ) is the non-dimensional drag
coefficient, and W is the wind velocity in m s-1 (Pinder and Gray 1977).
The wind time series used with the circulation model was obtained from
two sources. First, researchers from the W aterways Experiment Station estab
lished a short-term (July 1990 through January 1991) meteorological station in
the mid-section of Galveston Bay. Second, long-term wind observations were avail
able through the National W eather Service for the Houston International Airport
(Berger et al. 1994). The short-term tim e series was used to calibrate the Houston
International Airport wind m easurem ents to arrive at a long-term wind tim e series
th a t is representative of conditions in m id-Galveston Bay, by using the following
relationship:

W g = 0.850 W a + 5.92

(21)

where W q and W a are wind speeds in m ph at Galveston Bay and Houston In
ternational A irport, respectively (Berger et al. 1994). The Galveston Bay wind
speeds, W q , were later converted from m ph to m s -1 to be used in equation (20).
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3 .4 .3 .2 B o tto m Friction
Energy is removed at the bottom of the circulation model domain by bottom
friction. The bottom stress (rj) is expressed as:

n - PwCdbU2

(22)

where pw is water density in kg m - 3 , Cdb (~ 10- 2 ) is the non-dimensional drag
coefficient, and U is the water velocity in m s- 1 .

3.5 E n v iro n m en ta l In p u t

3 .5 .1 S alin ity and W ater V elocity
Forty-seven years (1941-1987) of m ean m onthly freshwater inflow d a ta from
the Galveston Bay system were used to calculate low, mean, and high freshwater
inflow tim e series. Of these forty-seven years of data, supplied by the Texas W ater
Development Board, the ten years ( ~ 20%) having th e lowest m onthly mean inflows
were averaged, and the resultant tim e series was considered to be representative
of a low freshwater inflow year. Similarly the ten years ( ~ 20%) having the highest
m onthly m ean inflows were averaged, and the resultant tim e series was considered
to be representative of a high freshwater inflow year.

The remaining twenty-

seven years of m ean m onthly inflow d a ta (~60% ) were averaged to create a m ean
freshwater inflow tim e series. The resultant average low, m ean and high m onthly
freshwater inflow tim e series for Galveston Bay are presented in Figure 6.
Under m ean freshwater inflow, the regions of highest salinity are located in
W est Bay; regions of low salinities are found in upper Trinity Bay (Table 4). The
region to th e west of the Houston Ship Channel, is more saline than the eastern
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Figure 6. Observed high (solid line), mean (dotted line) and low (dashed line)
freshwater inflow tim e series in m 3 m onth-1 th at was used w ith the Galveston Bay
circulation model.
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Table 4. Values of sim ulated salin ities for different regions of G alveston
Bay, T exas under m ean freshw ater inflow con d ition s.
Average
Salinity

Salinity
Range

(ppt)
20

(ppt)
15 to 26

Salinity
Change
(ppt)
11

West Bay-central

17

15 to 22

7

East Bay-central

10

7 to 15

8

75% up Houston Ship Channel

12

7 to 20

13

Clear Lake

8

6 to 13

7

Trinity Bay-northern

1

0 to 4

4

Location

West Bay-west
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portion of the Bay. The greatest salinity range is in the Houston Ship Channel.
For example, 75% of the way up the Houston Ship Channel salinity ranges from 7
to 20 ppt, a change of 13 ppt. In contrast, salinity in Northern Trinity Bay ranges
from 0 to 4 pp t, a change of only 4 p p t (Table 4).
Salinity stratification increases from south to n orth along the Houston Ship
Channel. T he difference between sim ulated salinity values from the surface and
bottom elements in the channel m outh, 45%, and 75% of the way up-channel are
approxim ately 2, 4 and 6 ppt respectively (Table 5) (Berger et al. 1994).
Simulated water velocities are highest at the Galveston Bay entrance to the
Houston Ship Channel (Table 5). Velocities decline with depth and decline upchannel, with surface element values in the channel m outh, 45%, and 75% of
the way up-channel being approxim ately 1.22, 0.46, and 0.09 m s -1 , respectively.
Lower water velocities are found west of Pelican Island, as well as in m iddle and
upper Trinity Bay (Table 6). Lower velocity values are also located in the middle
regions of E ast Bay, away from the Houston Ship Channel (Table 6) (Berger et al.
1994).

3 .5 .2 T em p eratu re
Eighteen years (1970-1987) of air tem perature d a ta from Houston Interna
tional A irport (National Climatic D ata Center 1988), were examined to obtain a
m ean tem perature time series for Galveston Bay. The m ean monthly tem pera
tures were plotted for all eighteen years and 1984 was identified as a year with
m oderate tem peratures. Additionally, after comparison w ith Bay inflows, 1984
was also identified as a year with m ean freshwater inflow.
T he m ost complete 1984 tem perature tim e series available, which was used
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Table 5. S um m ary of sim ulated velo cities and salin ities along th e H ou ston
Ship C hannel.
Velocity

Average
Salinity

Salinity
Range

Channel m outh

(m s ' 1)
1.22 to -1.22

(ppt)
28

(ppt)
22 to 30

Salinity Change
with depth
(PPt)
2

45% distance up-channel

0.37 to -0.37

19.5

14 to 24

4

75% distance up-channel

0.09 to -0.09

7

4 to 10

6

Station
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Table 6. S im u lated w ater v elo cities at different lo ca tio n s in G alveston B ay
ob tain ed for m ean freshw ater inflow con d ition s.
Location

Element
Location
surface
bottom

Range
(m s-1)
1.22 to -1.22
0.92 to -1.07

45% up-channel

surface
bottom

0.46 to -0.46
0.37 to -0.31

75% up-channel

surface
bottom

0.09 to -0.09
0.09 to -0.09

West Bay-central

surface

0.15 to -0.15

Trinity Bay-middle

surface

0.08 to -0.08

Trinity Bay-upper

surface

0.03 to -0.03

East Bay-middle

surface

0.15 to -0.15

Galveston Bay-entrance
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to determ ine w ater tem peratures in Galveston Bay, was obtained a t the Houston
International A irport (N ational Climatic D ata Center 1985). The original time
series contained gaps, often one to two hours each day were not recorded. To fill
these gaps, the previous and following hourly tem perature values were averaged,
and the average value was used to supply the missing tem perature value. The
resultant tem perature tim e series was then smoothed with a low pass filter to
remove the diurnal variability in the tem perature signal (Fig. 7).
The eighteen years of air tem perature d ata from the Houston International
A irport (National Climatic D ata Center 1988), were again examined to find one
tem perature tim e series th a t was consistently higher th an the 1984 tem perature
tim e series and one tem perature tim e series consistently lower. Due to in tra and
interannual variability in tem perature fluctuations, no yeaxs of consistently high
or consistently low tem peratures were found. Thus, the high and low tem pera
tu re tim e series were calculated using the 1984 tim e series as a basis, and using
the m axim um m onthly variances to extrapolate the 1984 tim e series to a higher
and lower tem perature tim e series. Maximum variance from m ean tem perature
is observed to occur in the winter m onths, while m inimum variance from mean
tem perature is observed to occur in the summer m onths (National Climatic D ata
Center 1988). The m onthly variances were added to the 1984 d a ta to construct
the high tem perature d a ta set, and subtracted from the 1984 d a ta to construct the
low tem perature d ata set. T he resultant high, m ean and low tem perature tim e
series are presented in Figure 7. The average tem perature for the 1984 tem per
ature tim e series is 20.2°C, while the average tem peratures for the high and low
tem perature tim e series are 22.8 and 17.9°C, respectively.
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Figure 7. T he observed mean, high and low tem perature (°C) tim e series th at were
used as inp u t to the Galveston Bay oyster-circulation model.
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3 .5 .3 F o o d
The d a ta sets th at were used to provide a year-long monthly-averaged tim e
series of available food around Galveston Bay were from the “Food Around The
Bay” program , undertaken by personnel from Texas A&M University, from Oc
tober of 1991 to September of 1992 (Powell et al. unpublished data). Thirty-two
representative sites in the Bay were m onitored for food concentration at m onthly
intervals for a year. Samples were drawn by a parastolic pum p from 6 inches above
the bottom of th e Bay, as well as from the surface. Following collection, 250 ml
of these samples were then filtered in the laboratory and a regular chlorophyll
analysis was performed. Chlorophyll values, in fig Chi a l- 1 , were later converted
to mg organic C I-1 (Dr. E. W ilson-Ormond, pers. comm.). The tim e series
from the near-bottom sampling was used to provide food for the post-settlem ent
population. The food time series used for the larval model was an average of the
near-bottom and surface samples.
One scenario tested w ith the oyster model was the population changes pro
duced by decreases in food concentration. For these simulations, the rate of de
crease in food supply was assumed to follow the rate of decrease found by W ard
and A rm strong (1992) for Galveston Bay which is of the form:

food i+1 = foodi - a(foodi),

(23)

where th e present food value, foodi+i (mg C I-1 ), is assumed to decline by con
stant fractional decrease given by a (0.00014 d-1 ). The resultant tim e series,
w ith two years of m ean food availability followed by three years of decreased food
availability, is presented in Figure 8.
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Figure 8. Food concentration (mg C l -1 ) tim e series th a t was used as input to
the oyster-circulation model. The first two years of the tim e series represent m ean
food conditions. T he last three years are characterized by declining food values
calculated from the relationship given by W ard and Arm strong (1992).
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3 .5 .4 T urbidity
The turbidity tim e series used in the oyster model was also obtained from the
“Food Around The Bay” program. Samples of 250 ml of w ater were taken from
surface and near-bottom at the same thirty-tw o sites sampled for food concentra
tion. After filtering the samples in the laboratory, turbidity concentrations were
determ ined by oven drying the samples (90° C for 2 hours), weighing the dried
samples, and subtracting out the weight of the filter (Dr. E. W ilson-Ormond,
pers. comm.). The turbidity time series, expressed in g l - 1 , is considered to be
representative of mean conditions for the Galveston Bay area. Similar to the food
d a ta sets, the benthic turbidity time series was used for the post-settlem ent model.
The average of the surface and benthic time series was used for the larval model.
The effects of long term decreases in turbidity concentration on the oyster
population of Galveston Bay was tested using a relationship th a t decreased tu r
bidity over time. The rate of decrease in turbidity was assumed to follow the
turbidity decrease observed in the “Food Around The Bay” d a ta th a t occured be
tween January and September of 1992. A regression on this turbidity d a ta resulted
in the following:

turbi+x = turbi — c

(24)

where the present turbidity value, turbi+\ in g l- 1 , is dependent upon the turbidity
value for the previous day, turbi, minus a fixed decrease of turbidity of th e am ount c
(-0.0000435 g l -1 d- 1 ). The resultant tim e series, with two years of m ean turbidity
concentrations followed by three years of decreased turbidity concentrations, is
shown in Figure 9.
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Figure 9. Turbidity (g dry sediment l- 1 ) tim e series th a t was used as input to
the oyster-circulation model. The first two years of the tim e series represent m ean
turbidity conditions. The last three years are characterized by declining turbidity
values calculated using equation (24).
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3 .5 .5 S u b str a te
Of the 1996 surface elements representing Galveston Bay, 408 have been iden
tified as including some oyster reef (Fig. 10). The areal expanse of all significant
reefs in the Galveston Bay system had been determ ined during an intensive m ap
ping program (Simons et al. 1992). The survey m ethod employed an acoustic
profiler for th e identification of reef, a fathom eter for assessing bottom relief, and
a global positioning system for establishing sampling position in the Bay.
After th e areal extent of oyster reef in Galveston Bay had been laboriously
m apped, reef locations were overlaid on the finite element grid, and the percent
coverage of reef for each element was calculated. T he percent coverage of reef for
each element was used to determ ine in which elements the post-settlem ent model
was active.

3 .6 M o d e l Im p le m e n ta tio n
T he post-settlem ent-larval model was solved numerically using an implicit
(Crank-Nicholson) time stepping scheme. Each sim ulation was run for five years
w ith a tim e step of one hour. Seven sim ulations were run in order to investigate
th e effect of changes in environm ental conditions on the population structure of
th e oyster (Table 7).
The reference sim ulation, which is the control case against which th e other
six sim ulations are compared, was run w ith five years of m ean environmental
conditions. T he initial two years of each subsequent sim ulation were ru n w ith
m ean environm ental conditions. This allows th e model to come into equilibrium
before the p ertu rb ed environm ental d a ta sets axe applied.
The second and third simulations consider th e effect of changes in freshwater
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Figure 10. The distribution of oyster reef (shaded areas) in Galveston Bay overlaid
on the finite element grid used for the circulation model.
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T able 7. Sum m ary of th e environ m ental con d ition s used for th e m odel
sim u lation s. M ean refers to 1984 tem p era tu re, m ean freshw ater inflow,
m ean food and turbidity. H igh and low freshw ater inflow refers to 1984
tem p e r a tu re , m ean food and tu rb id ity, as w ell as th e high (20%) and low
(20% ) freshw ater inflow cases, resp ectively. H igh and low tem p eratu re
refers to m ean freshw ater inflow, food and turbid ity, as w ell as high and
low tem p era tu re tim e series, resp ectively. D ecreased food refers to 1984
tem p e r a tu re , m ean freshw ater inflow and tu rbid ity, in conjunction with
decreased food data sets. D ecreased tu rb id ity refers to 1984 tem p eratu re,
m ean freshw ater inflow and fo o d , in con junction w ith decreased turbidity
d a ta sets.

1.

Simulation
reference simulation

Year 1
mean

Year 2
mean

Year 3
mean

Year 4
mean

Year 5
mean

2.

high freshwater inflow

mean

mean

high

high

high

3.

low freshwater inflow

mean

mean

low

low

low

4.

high tem perature

mean

mean

high

high

high

5.

low tem perature

mean

mean

low

low

low

6.

decreased food

mean

mean

decreased

decreased

decreased

7.

decreased turbidity

mean

mean

decreased

decreased

decreased
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inflow on the population structure of the oyster. The fourth and fifth sim ulations
were used to investigate the effect of changes in tem perature on the population
structure of the oyster. The sixth and seventh simulations were designed to in
vestigate how long term decreases in food concentration and turbidity affect the
oyster population.

3.7 S ta tistic a l A n alysis
The d a ta sets that are analyzed in order to answer the questions posed at
the beginning of this study consist of the environm ental d a ta sets derived from
observational studies th a t were used as input to the oyster model, the sim ulated
environm ental d a ta sets th a t were output from the circulation model and used as
input to the oyster model, and the sim ulated d a ta sets th at were output from the
oyster model. The aforementioned d a ta sets are recorded by element, at two-week
intervals for the duration of the simulation. A summ ary of the d a ta sets involved
in the analyses, their associated units and the m ethod by which these d a ta were
recorded over the two week interval is given in Table 8.
To investigate spatial and tem poral changes in the oyster population under
the seven different environm ental scenarios summarized in Table 7, the following
statistical analyses were employed: cluster analysis, m ultivariate analysis of vari
ance, spatial autocorrelation and directional autocorrelation. These analyses are
described in th e sections th a t follow. Results of these analyses are presented in
Chapter 4.

3.7.1 C lu ster A n alysis
Cluster analysis is a statistical technique used to objectively group sampled
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Table 8. S u m m ary o f th e observed environm ental data sets th at were used
as in p u t to th e oyster-circu lation m od el, and th e sim ulation data sets th a t
were ob tain ed from th e m odel.
Properties

environmental Dronerties
salinity
flow rate
temperature
food (oysters)
food (larvae)
turbidity (oysters)
turbidity (larvae)

Units

Method of
Recording Data

ppt
m s-1
°C
mg C l-1
mg C I-1

14 day average
14 day average
14 day average
sampled 14th day
sampled 14th day
sampled 14th day
sampled 14th day

g l'1
gl 1

population characteristics
total oysters
adult oysters
spawn
recruits
total larvae
•larval group 1 (60-74 /xm)
•larval group 2 (74-138 /xm)
•larval group 3 (138-172 /xm)
•larval group 4 (172-240 /xm)
•larval group 5 (240-276 /xm)
•larval group 6 (276-230 /xm)
•larval group 7 (330-set /xm)
population filtration

number m -2 recorded 14^ day
number m -2 recorded 14th day
eggs m ~2
14 day total
larvae m-2
14 day total
number m -3 14 day total
number m ~3 14 day total
number m -3 14 day total
number m-3 14 day total
number m -3 14 day total
number m -3 14 day total
number m ~3 14 day total
number m -3 14 day total
1 hr-1 m-2
14 day average

properties associated with mortality
mortality due to P. marinus
prevalence
mortality due to low salinity
mortality due to predation
mussel filtration

number m -2
%
number m-2
number m -2
1 hr-1 m-2

14 day total
recorded \4 th day
14 day total
14 day total
14 day average
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sites with similar characteristics. This m ethod was applied to three types of ob
served and sim ulated d ata sets. The first cluster analysis included the environm en
tal factors: salinity, flow rate, food concentration for oysters, food concentration
for larvae, and turbidity affecting adult and larval oysters. The second cluster
analysis included factors th a t represented characteristics of the oyster population:
total oysters, adult oysters, spawn, larvae recruited, total larvae and population
filtration rate. For this analysis, the total num ber of larvae was used to repre
sent larval presence. The third cluster analysis treated factors related to oyster
m ortalities: num ber of oysters killed by P. marinu3. num ber of oysters killed by
low salinity m ortality, num ber of oysters killed by predation, and mussel filtration
capacity.
For analysis of the model output, Galveston Bay was separated into eighteen
areas (Fig. 11), which were based on geographical location and hydrodynam ic
character of the estuary. Of these eighteen areas, seventeen were included in the
cluster analyses. The Houston Ship Channel reach off Baytown was not included
because there is no active reef in this area. The model-derived variables used in
the cluster routine were averaged over the fifth year of sim ulation by Bay area.
The clustering m ethod used an unweighted pair group algorithm with Eu
clidean distance as the sim ilarity index.

The sim ilarity index is a m easure of

resemblance between the areas being clustered. Euclidean distance is defined by
Boesch (1977) as:

D* =

(xu -z«fc)2]^
t=l,n

where Dj k is the Euclidean distance between areas j and k.

T he num ber of
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Figure 11. The eighteen Bay sections used for the cluster routine. Note th a t the
Houston Ship Channel has been subdivided into four sections.
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north-w est Trinity Bay
northern
south-east Trinity Bay
R ed B lu ff to
M organ’s P oin t

south-west Trinity Bay
east East Bay

Clear Lake
D ickinson Em baym ent
Texas City to D ollar P oin t

west East Bay
central G alveston Bay

P elica n Bay
central West Bay

w est W est B ay

1 HSC Baytow n
2 HSC M organ’s P oint
3 HSC Clear Lake
4 HSC D ickinson Em baym ent
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variables (i.e. oysters, salinities, larvae etc.) used in the comparison is given by n,
and Xij and x tk are the variable densities in areas j and k, respectively.
Euclidean distance may result in artificially high similarities between dissim 
ilar areas in cases where variable densities are low. For this reason, the d a ta are
standardized using the following form ulation from Boesch (1977):

£i =

x 1000

(25)

where £; is the standardized variable density and Xi are variable densities. In
addition to being standardized, a logarithm ic transform ation of the type log{xJr \ )
was used to normalize the d a ta prior to analysis.
The cluster routine produces a dendrogram th a t objectively groups areas
based on the resemblances of their variables. T he structure of the dendrogram
reflects and summarizes trends in the d a ta (Hughes and Thom as 1971).

3 .7 .2 M u ltivariate A n alysis o f V ariance
M ultivariate analysis of variance is a statistical m ethod by which the total
variance between properties derived from the model was analyzed. Model-derived
quantities and environm ental input from the 408 elements th a t contained reef were
used to com pute yearly averages for each of the five years of the sim ulation. The
yearly-averaged d a ta are input into the SAS/STAT routine for M ultivariate Anal
ysis of Variance (SAS Institute, Inc. 1988). The outp u t for each of the seven sim
ulations was used to investigate relationships between spaw ning/recruitm ent and
environm ental conditions, spaw ning/recruitm ent and population characteristics,
and spawning and sources of m ortality. The input variables for th e m ultivariate
analysis of variance are given in Table 8. For these analyses, total larval num ber
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was assumed to be representative of larval presence.
A P < 0.05 indicates th a t variables are significantly related (95% confidence
interval). For this reason, only results where the P value was less th an or equal to
0.05 are presented in the tables. Additionally, although the first year of sim ulation
is included in m ultivariate analysis, this year is a spin-up year for the model.
Therefore, only results obtained from the final four years of sim ulation should be
considered in the interpretation.

3 .7 .3 S p atial A u to co rrela tio n
Spatial autocorrelation was used to test the spatial interdependence of vari
ables associated with the oyster-circulation model.

Twenty-one variables were

used in this analysis, five of which were environm ental conditions used as in p u t to
the oyster model: salinity, food concentration for oysters, food concentration for
larvae and turbidity affecting oysters and larvae. The rem aining sixteen properties
were derived from the model and are listed in Table 8. In this case larval groups
one through seven were used to represent larval presence.
The spatial autocorrelation program calculates M oran’s / , which is an indi
cation of th e degree of patchiness in spatially arranged data. M oran’s I is defined
by Jum ars (1977) to be:
n

n
n

I

n

EE

i = l j =1

n

\\ E
E w ij z i z i
1=1 j—i________
*n J

n

E

i=l

where Wij is the weighting function which is described below, n represents the
num ber of samples, Z{ = (xi — x), Zj = (xj — x), where x t is th e variable in sample
i and Xj is th e variable in sample j.
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The spatial information is incorporated through the weighting function, Wij.
The weighting function was defined by creating a Gabriel graph (G abriel and
Sokal 1969). The Gabriel graph connects geographical locations in closest proxim 
ity (Fig. 12). For this study, the geographical locations axe those elements which
contain reef. Each element with reef was assigned a latitude and longitude, calcu
lated at the center of the element. The basic premise underlying the construction
of a Gabriel graph is th at two sites, A and B , are contiguous if no other locality
lies on or w ithin the circle whose diameter is on the line A B (Sokal and Oden
1978). Sites joined along the Gabriel network were assigned a weight (wij) of 1.0,
for all other sites Wij = 0. It was necessary to remove Gabriel pairs from the
calculation if the connection extended over land areas or areas with obstructions
to w ater flow, because it would be unlikely th at direct water exchange would occur
between two locations under these conditions.
Spatial autocorrelation results in correlograms, which compare M oran’s I
against the distance between pairs of localities (Sokal et al. 1987). T he expected
value of M oran’s I is defined by Jum ars (1977) to be:

In this study there axe 408 elements w ith reef (n = 408), therefore, the expected
value of I is -0.0025. A resultant value of I less than the expected value indicates
a negative spatial correlation, namely, an even distribution. A resultant value
of I greater th an the expected value indicates a positive spatial autocorrelation,
namely, a patchy distribution (O dland 1988).
T he correlograms, which compare M oran’s I against the distance between
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Figure 12. Schematic of the Gabriel pair network, constructed from the elements
in the Galveston Bay grid th at contain oyster reef.
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pairs of localities, are generated at 5 km intervals.

3 .7 .4 D irectio n a l A u to co rrela tio n
Directional autocorrelation was used to examine th e directional relationship
between model variables based on compass direction as described in Sokal et al.
(1987). Similar to spatial autocorrelation, twenty-one variables were used in this
analysis, five of which were environm ental conditions used as input to the oyster
model (Table 8), the rem aining sixteen properties were derived from the model
(Table 8). For this analysis, larval groups one through seven were used to represent
larval presence.
The directional autocorrelation analysis also calculates M oran’s I , using equa
tion (26). T he difference between spatial and directional autocorrelation is intro
duced through the values used to specify the weights, wij. This weighting function
is a fractional representation of the deviation of the angle between Gabriel pairs.
Values of W{j closely approxim ating 1.0 are variables which ru n parallel to an angle
direction. For example, if oyster reefs ran in parallel lines extending from north to
south, and the density of oysters in these reefs rem ained sim ilar along the entire
reef tract, then the value of iuij at 180°, would be very close to 1.0. Resultant
values of Wij closely approxim ating 0 are variables which run perpendicular to
an angle direction. In directional autocorrelation, th e weighting function for each
Gabriel pair is also defined by the Gabriel graph.
T he resultant correlograms compare M oran’s I , against th e angle direction
between Gabriel pairs. Correlograms are generated from a n o rth north-easterly
(22.5°) to a southerly (180°) direction in increments of 22.5°.
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C h ap ter 4. R esu lts

In this chapter, the output from the seven simulations, as well as the results from
th e statistical analysis of this output will be presented. The statistical analyses
addressed in this section include: cluster analysis, m ultivariate analysis of variance,
as well as spatial and directional autocorrelation.

4 .1 C lu ster A n alysis
Cluster analysis was used as the first step in analyzing the observed and
sim ulated distributions of environm ental and oyster population characteristics.
This analysis provides inform ation on the basic spatial patterns of these variables
and gives indications of how different variables are correlated. Prior to analysis, the
observed and sim ulated distributions were averaged over each of the seventeen Bay
regions, for the fifth year of each sim ulation. The results of this analysis provide
the basis for more detailed analysis and comparison of individual sim ulations.

4 .1 .1 E n viron m en tal P r o p e r tie s
Cluster analysis was used for environm ental properties obtained from the
fifth year of each of the seven sim ulations. The environm ental properties listed
in Table 8 are used in this analysis w ith the exception of tem perature, which is
applied uniformly across th e Bay system.
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4 .1 .1 .1 R eferen ce S im u lation

4 .1 .1 .1 .1 SalinityOn the basis of cluster analysis, the salinity distribution obtained from the
reference sim ulation separates Galveston Bay into three distinct regions (Fig 13a).
The areas of lowest salinities, averaging 5.5 ppt, are in the northern section of
Galveston Bay, as well as near the outflow of the Trinity River which introduces
over 75% of the freshwater into the Bay (Fig. 13a, Table 9). The areas of highest
salinities, averaging 18.7 ppt, are located to the west of the ship channel prim arily
near the West Bay area. These high salinity areas are isolated from direct fresh
water inflow and are exposed to inflows of the more saline w ater from the Gulf of
Mexico through San Luis and Bolivar Rhodes tidal passes. T he rem aining areas
of Galveston Bay and the Houston Ship Channel are characterized by m oderate
salinities which range between 5 and 18 ppt (Table 9).

4 .1 .1 .1 .2 F low R ate
The spatial pattern of w ater velocity in Galveston Bay is different from th at
obtained for salinity (Fig. 13b). The regions of highest flow rates, averaging 0.12
m s- 1 , include the lower Houston Ship Channel and the areas which border the
channel near the entrance of the Bay (Fig. 13b, Table 9). The areas of lowest
flow rates, averaging 0.04 m s - 1 , are located farthest from the influence of the
ship channel and in areas where the Bay geometry restricts w ater exchange. The
rem ainder of Galveston Bay is characterized by m oderate flow velocities which
range between 0.04 and 0.12 m s-1 (Table 9).
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Figure 13. Spatial patterns in the distribution of A. salinity (ppt), and B. flow rate
(m s- 1 ) th a t were obtained from the cluster analysis of the simulated fields derived
from the Galveston Bay circulation model. M inimum values for these properties
axe found in the regions shaded purple. M aximum values are found in the regions
shaded red. M ean values are found in the regions shaded green. Shaded regions are
areas of Galveston Bay in which oyster reef exists.
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Table 9. S u m m ary of th e values obtained for en viron m ental con d ition s in
each sim u la tio n . V alues th a t are unchanged from th e reference sim u lation
are in d ica ted by — . T h e superscripts o and I represent the values supplied
to th e oysters and larvae, resp ectively.
Condition

low
high

Salinity
(ppt)

Flow Rate
(m s -1)

5.5
18.7

0.04
0.12

Food0
(mg C l-1)

Food'
(mg C l-1 )

reference
1.6
2.2

Turbidity3 Turbidity1
(g I-1)
(g I-1 )

0.07
0.14

0.06
0.10

—

—

—

—

—

—

—

—

—

—

—

1.3
1.9

—

—

0.03
0.10

0.02
0.06

1.5
2.1

hieh freshwater inflow
low
high

2.6
15.3

low
high

11.3
23.3

—

—

—

low freshwater inflow
—

—
hieh temperature

low
high

—

—

—
low temperature

low
high

low
high

—

—

—

—

—
decreased food
1.4
2.0
decreased turbiditv

low
high

—

—

—

—
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4 .1 .1 .1 .3 F ood A vailable to O ysters and Larvae
Cluster analysis results show a distinct separation between areas which have
high levels of food available to oysters and those areas which have low levels of
food. The areas of high food availability, averaging 2.2 mg C l - 1 , are located to the
east of th e Houston Ship Channel. The areas of low food availability to oysters,
averaging 1.6 mg C l- 1 , axe located within or to the west of the Houston Ship
Channel (Table 9, Fig. 14a). Finally, the rem ainder of the areas have m oderate
levels of food available to oysters, ranging between 1.6 to 2.2 mg C I-1 (Table 9).
The spatial distribution of food available to larvae exhibits a p attern similar
to th a t for oysters. The areas of high food availability, averaging 2.1 mg C I- 1 , are
located to the east of the ship channel, while the areas of low food availability for
larvae, averaging 1.5 mg C I- 1 , are located to the west of the ship channel (Table 9,
Fig. 14b). The areas of m oderate food concentrations available to larvae, ranging
between 1.5 and 2.1 mg C l-1 (Table 9), extend further east into East Bay than
th at for oysters.
The food concentration supplied to larvae in the oyster-circulation model is
the average of surface and near-bottom observations. Because the observed food
concentrations at the surface are lower th an the food concentrations near-bottom ,
the Bay-wide larval food availability is lower th an th at for oysters (Table 9).

4 .1 .1 .1 .4 O y ster and Larval E x p o su re to T urbidity
W ith the exception of the Pelican Island Em baym ent, the areas of high tu r
bidity affecting oysters in Galveston Bay fall to the east of the ship channel (Table
9, Fig. 15a). These areas have turbidity levels th a t average 0.14 g l- 1 . The areas
of low turbidity, averaging of 0.07 g l- 1 , are in th e northern reaches of, or to the
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Figure 14. Spatial patterns in the distribution of food (mg C I- 1 ) available to A.
oysters, and B. larvae th a t were obtained from the cluster analysis of the envi
ronm ental food distributions used as input to the Galveston Bay oyster-circulation
model. M inimum values of food concentration are found in the regions shaded pur
ple. M aximum values of food concentration are found in the regions shaded red.
Mean values of food concentration are found in the regions shaded green. Shaded
regions are areas of Galveston Bay in which oyster reef exists.
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Figure 15. Spatial patterns in the distribution of turbidity (g dry sediment l - 1 )
available to A. oysters, and B. larvae th a t were obtained from the cluster analysis
of the environm ental turbidity distributions used as input to the Galveston Bay
oyster-circulation model. M inimum values of turbidity are found in the regions
shaded purple. M aximum values of turbidity are found in the regions shaded red.
Mean values of tu rbidity are found in the regions shaded green. Shaded regions are
areas of Galveston Bay in which oyster reef exists.
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west of, th e Houston Ship Channel. The southern reaches of the Houston Ship
Channel have m oderate turbidity concentrations.
Again, w ith the exception of the Pelican Island Em baym ent, the areas of
high turb id ity affecting larvae fall to the east of the ship channel (Table 9, Fig.
15b). These areas have turbidity levels th a t average 0.10 g l- 1 . The areas of low
turbidity, averaging of 0.06 g I- 1 , are in the northern reaches of, or to the west of,
the Houston Ship Channel. The southern reaches of the Houston Ship Channel
have m oderate turbidity concentrations. The main difference between the patterns
of turbidity affecting oysters and larvae is th at western West Bay is identified as
a m oderate turbidity region for larvae (Table 9, Fig. 15b).
T he turbidity affecting larvae in the oyster-circulation model is the average
of surface and near-bottom observations. Because the observed turbidities a t the
surface are lower than the turbidities near-bottom , the Bay-wide turbidity affecting
larvae is lower th an th a t affecting oysters (Table 9).
T he average differences between the high and low turbidity regions for oysters
and larvae are 0.07 and 0.04 g l- 1 , respectively (Table 9). Although the relative
turbidity change to which larvae are exposed is less than th a t for oysters, this
difference can still be significant to oyster larvae. A fractional enhancem ent of
larval growth rate has been observed, which increases as turbidities increase to
0.10 g I-1 (Davis 1960). Thus, larvae in Bay areas with turbidities approaching
0.10 g l-1 can undergo enhancem ents of growth rate of up to 10%. Similarly,
larvae in Bay areas with increasing levels of turbidity above 0.10 g l-1 undergo
reductions in growth rate (cf. Table 3), in addition to the lowered survivorship of
eggs and early larval stages.
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4 .1 .1 .2 F reshw ater Inflow
W hen the amount of freshwater introduced into the Bay is altered in the high
and low freshwater inflow simulations, the spatial patterns of salinity and flow
rate obtained from the cluster analysis do not change, only th e m agnitude of the
salinity w ithin the grouped region changes. Increasing the am ount of freshwater
entering th e Bay decreases the Bay-wide salinity an average of 3 pp t, while the
m agnitude of the flow rate remains unchanged Bay-wide (Table 9). Decreasing
the am ount of fresh water entering the Bay increases the Bay-wide salinity by an
average of 5 ppt Bay-wide, and again, the m agnitude of the flow rate rem ains
unchanged Bay-wide (Table 9).

4 .1 .1 .3 F ood and T urbidity
A Bay-wide decrease in food concentration over a three year period does
not change the spatial pattern of the food concentration available to oysters and
larvae obtained from cluster analysis, only the m agnitude of the food concentration
within each region changes. On average, the food concentration available to oysters
and larvae drops by 0.2 mg C l-1 Bay-wide (Table 9).
In contrast, decreasing the Bay-wide turbidity levels over a three year period
does alter th e spatial pattern of turbidity obtained from the cluster analysis. In
the decreased turbidity simulation, the turbidity affecting both oysters and larvae
drops on average 0.04 g l-1 Bay-wide (Table 9). After a three year decrease in
turbidity, some areas, which were previously included in the low turbidity region,
have no turbidity. W hile the spatial distribution of the high turbidity region does
not change, the spatial distribution of the low turbidity region does change. In
the decreased turbidity simulation, the areas added to the low turbidity region for
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oysters are: Clear Lake and Dickinson Bay. The areas added to the low turbidity
region for larvae are: Clear Lake, Dickinson Bay and western West Bay.

4.1.2 P o p u la tio n C h aracteristics
Cluster analysis was used for oyster population characteristics obtained from
the fifth year of each of the seven simulations. T he population characteristics
listed in Table 8 are used in this analysis, with the exception of individual larval
groups. For this analysis, the total num ber of larvae was used to represent larval
presence.

4 .1 .2 .1 R eferen ce S im u lation
On the basis of cluster analysis Galveston Bay can be separated into three
regions (Fig. 16) which are based upon the num ber of total oysters, adult oys
ters, spawn, larvae recruited, total larvae and the population filtration rate (Table
10). T he areas grouped into the region with m axim um levels of these popula
tion characteristics include: the Pelican Island Em baym ent, Dickinson Bay and
central Galveston Bay, as well as the ship channel reach off Dickinson Bay. The
region with m oderate levels of population characteristics includes Clear Lake, as
well as the ship channel reach off Clear Lake. The region with m inimum levels of
population characteristics includes the remaining 11 of the 17 Bay areas.
The regions with m oderate and high levels of population characteristics are
located w ithin or near the ship channel. W ith the exception of the Pelican Island
Em baym ent, these areas all have m oderate salinities as well as m oderate to high
flow rates and turbidities (Figs. 13, 14, 15). The m ajority of the regions have
m oderate food values, however, the food supplied to oysters is low in the reaches
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Figure 16. Spatial patterns of oyster population characteristics obtained from clus
ter analysis of oyster population characteristics averaged over the fifth year of the
reference simulation. Regions w ith lowest levels of population characteristics are
shaded purple. Regions w ith highest levels of population characteristics are shaded
red. Regions with m oderate levels of population characteristics are shaded green.
Shaded regions are areas of Galveston Bay in which oyster reef exists.
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Table 10. T he average value of th e low, m o d era te and high regions, th at
result from cluster analysis for th e reference sim ulation.
Population
Characteristic
to ta l oysters
ad u lt oysters
spaw n
recruits
to ta l larvae
p op u lation filtration

Low
0.94
0.18
0.65
0.15
0.13
0.18

average region-1 yr-1
M oderate
High

X 10-1

X 106

X 106

X 10-1

0.14
0.25
X 104
0.26
X 10"5 0.12
X 104
0.39
X 10"1 0.16

X 102

X 103

0.25
0.16
X 1010 0.91
X 102
0.23
X 1010 0.29
X 105
0.35

X 10u
X 103
X 1011
X 105

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

82

of th e ship channel off Clear Lake and Dickinson Bay.
The region with the lowest population characteristics spans across areas of
low, m oderate and high salinity, flow rate, food concentration and turbidity. This
region does not coincide with any one area of less than optim al environm ental
conditions.

4 .1 .2 .2 A C om p arison o f Sim u lation s
In general, cluster analysis of the sim ulated population characteristics from
all sim ulations results in the Bay being subdivided into three or four regions.
In m ost sim ulations, as in the reference simulation, the Bay is characterized by
three separate regions. However, under conditions of low freshwater inflow and
low tem perature the Bay is divided into four regions. Four regions result when
areas with higher population levels are subdivided into three regions, instead of
two (Table 11).
Under low freshwater conditions, the areas previously grouped into the pro
ductive region in the reference simulation located in the southern end of the estuary
to th e west of the Houston Ship Channel where salinities are higher, decrease their
population characteristics relative to central Galveston Bay (Table 11). This de
crease is due to increased P. marinus and predation pressure. Under conditions
of low tem peratures, population characteristics in central Galveston Bay and the
ship channel reach off Dickinson Bay decrease relative to the Pelican Island Em 
baym ent and Dickinson Bays, which have relatively higher salinities (Table 11).
The relatively higher salinities may partially compensate for the lowered filtration
rates resulting from the reduced tem perature.
T he greatest shift in the arrangem ent of Bay areas within the grouped regions
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T a b l e 11. S u m m a r y o f t h e r e s u l t s f r o m t h e c l u s t e r a n a l y s i s f o r t h e s e v e n t e e n B a y
r e g i o n s f o r al l s e v e n s i m u l a t i o n s . T h e n u m b e r s , 1 t o 4, r e p r e s e n t r e g i o n s w i t h
t h e h i g h e s t levels o f p o p u l a t i o n c h a r a c t e r i s t i c s t o t h e lo w est levels o f p o p u l a t i o n
characteristics, respectively.

P elican Island E m bay.
D ickinson Bay
C e n tr a l C a lv e s to n Bay
Dickinson B ay (H S C )
C lea r Lake
C lea r Lake ( IISC)
T exas C i ty -D o lla r R eef
W . E a s t Bay
E. E a st B ay
Red B lu ff-M o rg a n ’s P t .
M o r g a n ’s P o in t ( H S C )
YV. West Bay
C e n tr a l W e st Bay
N. G a lv e s to n Bay
S. W . T rin ity Bay
S. E. T rin ity Bay
N. W . T ri n ity Bay

R eference
S im u la tio n
1
1
1
1
2
2
3
3
3
3
3
3
3
3
3
3
3

High
Inflow
1
3
3
3
3
3
3
3
3
2
2
3
3
3
3
3
3

Low
Inflow
3
2
1
2
2

High
T em p .
1
1
1
1
2

2
3
2
3
1
1
•I
■1
4
1
4
1

2
3
3
3
3
3
3
3
3
3
3
3

Low
Tem p.
1
1
2
3
3
1
1
I
I
4
I
I
4
4
I
4
4

D ecreased
Food
1
1
1
2
1
2
3
3
3
3
3
3
3
3
3
3
3

Decreased
T u rb id ity
1
1
1
1
2
2
3
3
3
3
3
3
3
3
3
3
3

(H S C ) indica tes Houston Ship Channel Region
oo
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occurs in the high freshwater inflow simulation. During the high freshwater inflow
sim ulation, salinity isohalines move southw ard through the Bay and 7 of the 17
Bay areas shift into the region with the lowest levels of population characteristics
(Table 11). T he Bay-wide decrease in these characteristics results from the cumu
lative effect of increased low salinity m ortality, reduction in oyster filtration due
to low salinity, and poor larval recruitm ent. Conversely, three years of persistently
low freshwater inflow, also significantly alters the arrangem ent of Bay areas ob
tained from the cluster analysis. Under these conditions salinity isohalines move
northw ard through th e Bay. Three areas previously classified as having high pop
ulation levels (the Pelican Island Em bayment, Dickinson Bay and the ship channel
reach off Dickinson Bay) decrease, while one area previously classified as a region
of low population characteristics (western East Bay) increases (Table 11). The
decrease in th e previously productive areas may be due to increased P. marinus
infection intensity resulting from higher salinities. At the same time, the increase
in the western East Bay region is most likely a result of increased oyster filtration
and larval recruitm ent also due to increased salinity.
An additional sum m ary of the cluster analysis results is presented in Table
12. Here, the Bay areas are ranked according to the num ber of times they are
grouped into regions of high, m oderate and low population characteristics for all
seven sim ulations.

T he Pelican Island Em baym ent is grouped into the region

with high levels of population characteristics in 85.0% of th e simulations (Table
12). Population characteristics in the Pelican Island Em baym ent, however, are
consistently overestim ated in the simulations. This overestim ate occurs because
larvae are not lost by advection from the Pelican Island Em baym ent. As a whole,
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T ab le 12. Sum m ary of th e results from th e clu ster analysis for th e seven 
te e n B ay regions for all seven sim u lation s. P resen ted are th e p ercen t of th e
rankings w hich fall into th e regions o f high, m od erate and low p op u lation
characteristics.
Grouped into Region
(% )

Pelican Island Embay.
Dickinson Bay
Central Galveston Bay
Dickinson Bay (HSC)
Clear Lake
Clear Lake (HSC)
Texas City-Dollar Point
W. East Bay
E. East Bay
Red Bluff-Morgan’s Pt.
Morgan’s Point (HSC)
W. West Bay
Central West Bay
N. Galveston Bay
S. W. Trinity Bay
S. E. Trinity Bay
N. W. Trinity Bay

High
85.0
70.0
70.0
42.5
15.0
15.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Moderate
15.0
15.0
15.0
42.5
70.0
70.0
15.0
15.0
15.0
15.0
15.0
0.0
0.0
0.0
0.0
0.0
0.0

Low
0.0
15.0
15.0
15.0
15.0
15.0
85.0
85.0
85.0
85.0
85.0
100.0
100.0
100.0
100.0
100.0
100.0

(HSC) indicates Houston Ship Channel Region
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the Pelican Island Embayment is not grouped into the high flow region by the
cluster analysis (Fig. 13b). However, portions of the embayment, which access
th e Texas City channel and the channel running to th e south of the Pelican Island
Em baym ent, have element averaged flow velocities in excess of 0.20 m s_1 (Berger
et al. 1994). If larvae were advected with the horizontal currents, the sim ulated
population characteristics in the Pelican Island Em baym ent would most likely be
lowered and more closely approxim ate the observed population levels of this region.
Dickinson Bay is grouped into the region with high levels of population char
acteristics in 70% of the simulations (Table 12). Central Galveston Bay and the
ship channel reach off Dickinson Bay are grouped into the region with high levels
of population characteristics in 70.0 and 42.5% of the simulations, respectively
(Table 12). Clear Lake and the ship channel reach off Clear Lake have similar
cluster trends, each being grouped into the region with high levels of population
characteristics in 15.0% of the sim ulations (Table 12). The above areas are part
of, or straddle, the Houston Ship Channel where mixing and exchange are greater.
They are characterized by m oderate to high flow rates and turbidities (Figs. 13b,
15), as well as m oderate salinities (Fig. 13a). The m ajority of these regions also
have m oderate food values (Fig. 14), w ith the exception of the productive regions
of th e ship channel which have low food concentrations available to oysters.
T h e Bay areas m entioned above, which have been grouped into th e region
w ith high levels of population characteristics in at legist one of the sim ulations, are
followed by a series of areas which are grouped into the region with m oderate levels
of population characteristics in 15.0% of the simulations and into the region with
low levels of population characteristics in the rem aining 85.0% of the sim ulations
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(Table 12). These areas include the area from Texas City to Dollar Point, the
entire East Bay area, the area from Red Bluff to M organ’s Point and the ship
channel reach off M organ’s Point. The lower population levels in the the area
from Texas City to Dollar Point are due to a com bination of high salinities, which
increase levels of P. marinus and the predation rate, and low food values, which
decrease levels of recruitm ent (Figs. 13a, 14a). T he population levels in East Bay
increase when the freshwater inflow is decreased, indicating th a t the freshwater
inflow from th e Trinity River has some effect on this region. Although the area
from Red Bluff to M organ’s Point is exposed to freshwater outflow, a majority
of the freshwater originating from the San Jacinto River travels to the east into
the north ern Galveston Bay area, as can be seen in the p attern obtained from
the cluster analysis of the salinity distribution from the reference sim ulation (Fig.
13a). The increase in population levels under high freshwater inflow conditions in
the area from Red Bluff to Morgan’s Point is relative to the rest of the Bay.
Finally, 6 of the 17 Bay areas are grouped into the region w ith low levels of
population characteristics in each of the seven sim ulations (Table 12). These areas
include the entire West Bay and Trinity Bay areas, as well as northern Galveston
Bay. Generally, expanses with the lowest levels of population characteristics fall
w ithin the extrem e high and low salinity areas of the Bay (Fig. 13a). It is impor
ta n t to keep in m ind th a t these low, m oderate and high regions are relative within
each sim ulation and th at overall, population characteristics are the highest in the
low freshw ater inflow simulation.

4 .1 .3 S o u rces o f M ortality
Cluster analysis was used to identify spatial patterns in the sources contribut
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ing to oyster m ortality obtained from the fifth year of each of th e seven simulations.
The four sources of population m ortality used in this analysis are: the numbers
of oysters killed by P. marinus, the numbers of oysters killed by low salinity, the
numbers of oysters killed by predation by crabs and snails, and the removal of
food from the water column by mussels. Some of these trends are complicated
by the fact th a t the num ber of oysters killed by these sources of m ortality, as in
the case of low salinity m ortality, may decrease over time. This decrease does not
necessarily occur because of a lessening of the source of m ortality, rath er, because
by the fifth year of simulation the oyster population is decreased in some regions
and therefore there are no oysters left to be removed from the population. The
results of these cluster analyses are discussed in the sections th a t follow.

4 .1 .3 .1 G en eral Trends in M ortality
In each sim ulation, the number of oysters killed by P. marinus increases
between years 3 and 5 independent of the environm ental conditions. This source
of m ortality is predom inant in the higher salinity areas of the lower Bay. It also
increases with increasing tem peratures. In general, higher num bers of oysters are
killed in the low freshwater inflow simulation, when salinities are high, and in the
high tem perature simulation.
The num ber of oysters killed by low salinity increases in years 3 and 4, and
then drops off in year 5 in all of the simulations with the exception of the low
freshwater inflow sim ulation (low salinity m ortality is consistently low in all years
in the low freshwater inflow simulation). The decrease by th e fifth year of simu
lation occurs because by this time the oyster populations in the low salinity areas
have already been depleted by a combination of poor recruitm ent, low growth and
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low salinity m ortality. In the low freshwater inflow simulation, salinities rem ain
higher Bay-wide and low salinity m ortality remains at a m i n i m u m . Low salinity
m ortality is predom inant in th e low salinity, upper Bay regions which are regions
directly exposed to freshwater inflow.
Predation by crabs and snails is consistently two orders of m agnitude lower
than losses due to P. m arinus, and generally one order of m agnitude lower than
oysters lost to low salinity m ortality. W ithin all of the seven simulations total
predation rem ains fairly consistent between years 3, 4 and 5. Predation by crabs
is uniform Bay-wide, while predation by drills is predom inantly higher in the high
salinity areas of the Bay.
T he average mussel filtration rate may be used as a m easure of the areas
which will experience removal of food due to consumption by mussels. In general,
mussel filtration remains constant between years 3, 4 and 5 w ithin all simulations
w ith the exception of the reduced turbidity simulation, in which mussel filtration
rate increases as the turbidity decreases. Mussel filtration is predom inantly higher
in the low salinity reaches of the Bay. W ith increases in tem perature, as in the
high tem perature sim ulation, mussel filtration increases Bay-wide. While, with
decreases in tem perature and salinity, as in the low tem perature and high fresh
w ater inflow simulations, mussel filtration decreases Bay-wide. In the reference
sim ulation, mussel filtration is less th a n 1% of the oyster population filtration.

4 .1 .3 .2 R eferen ce S im u lation
On the basis of cluster analysis, four regions, each with differing levels of the
four sources of m ortality, axe obtained from the fifth year of the reference simu
lation (Fig. 17, Table 13). These four regions are found in all seven simulations.
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Figure 17.

Spatial patterns of sources of m ortality for the sim ulated Galveston

Bay oyster population averaged over the fifth year of the reference simulation th a t
was obtained from cluster analysis. Region 1 (red shading) has high P. marinus,
high predation, m oderate mussel filtration, low salinity m ortality; Region 2 (yellow
shading) has high P. marinus, m oderate predation, low mussel filtration, no low
salinity m ortality; Region 3 (green shading) has low P. marinus, no predation, high
mussel filtration, no low salinity m ortality; and Region 4 (purple shading) has low
P. marinus, no predation, low mussel filtration, no low salinity mortality. Shaded
regions are areas of Galveston Bay in which oyster reef exists.
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region (1)

region (4)
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Table 13. T h e average value of th e four regions of sim ilar m ortalities, th a t
result from clu ster analysis for th e reference sim ulation.
Source of Mortality
P. marinus
predation
mussel filtration
low salinity

Region 2
Region 3
average region-1 yr-1
0.46 x 103 0.25 x 103 0.31 x 10-2
0.24 x 101 0.15 x 101
0.00
0.33 x 101 0.24 x 101 0.99 x 101
0.00
0.00
0.16 x 102
Region 1

Region 4
0.59 x 10-2
0.00
0.25
0.00
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However, the spatial arrangem ent of these regions changes depending upon the en
vironm ental forcing. Before describing these four regions, it should be emphasized
th at the losses of oysters due to P. marinus, low salinity m ortality, and predation
reflect the density and the abundance of the oyster population. It is often the
m ortality in previous years th a t contributes to the population structure observed
in the fifth year of simulation.
For the reference sim ulation, central Galveston Bay is the only Bay area
grouped into region 1; the only region in which low salinity m ortality occurs.
Central Galveston Bay is the only area exposed to freshwater inflow in which the
oyster population has not already been depleted by poor recruitm ent, low growth
and previous years of low salinity m ortality (Fig. 17). T he other Bay areas, which
have m oderate to high levels of population characteristics, are grouped into region
2 (Fig. 17). Both regions 1 and 2, which have m oderate to high m ortalities from
P. marinus and predation, encompass the regions identified as having m oderate to
high levels of population characteristics (Fig. 16). The num bers of oysters killed
by P. marinus and predation, which are dependent upon the density of the oyster
population, reflect the m oderate to high levels of population characteristics.
The lower salinity regions of the Bay have lower levels of population charac
teristics and are generally grouped together into region 3 (Figs. 16, 17). Region 3
has low losses of oyster to P. marinus and predation, and high mussel filtration.
Finally, the areas of th e Bay which have the lowest levels of population character
istics are clustered together into region 4 (Figs. 16, 17). Region 4 has low losses
of oysters to P. marinus, no predation and low mussel filtration. In the reference
simulation, however, region 4 encompasses the high salinity areas of the Bay, which
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have favorable environm ental conditions for both P. marinus and predation. In
these areas, by the fifth year of simulation, the oyster population has already been
depleted, and there are no oysters left to be removed from the population. This
is reflected by the low levels of oysters lost to P. marinus and predation.

4 .1 .3 .3 A C om p arison o f S im u lation s
The spatial pattern obtained from the cluster analysis of the sources of m or
tality from the reference simulation are reproduced in six of the seven of the
simulations (Table 14). T he high and low freshwater inflow sim ulations are the
only cases in which the spatial pattern of the sources of m ortality are significantly
altered. In the other sim ulations, the m agnitude of the m ortalities change but the
spatial arrangem ent of the clustered regions remains the same.
The greatest spatial changes occur under high freshwater inflow conditions,
when the increased freshwater inflow shifts the isohalines southw ard throughout
the Bay. The result is th a t most of th e Bay areas experience a change in the
dom inant source of m ortality. Under high freshwater inflow, 10 areas which were
classified into regions 2 or 3 in the reference simulation, are classified into region
4 (Table 14). T he Bay-wide decrease in salinity lowers the density and abundance
of the oyster population over a vast expanse of the Bay (Table 11). The shift of
m any areas into region 4 denotes a widespread decrease in the num bers of oysters
lost to P. marinus and predation due to this lowered oyster density, as well as
lowered salinity.
Additional changes in th e distribution of the sources of m ortality occur for
conditions of low freshwater inflow (Table 14). Because salinities are 5 p p t higher
Bay-wide in the low freshwater inflow simulation, there is no longer any low salinity
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T ab le 1 4 . S u m m a r y o f th e re su lts fro m t h e c lu s te r analysis for so u rces o f m o r t a l 
i t y for t h e s e v e n t e e n B a y r e g io n s fo r t h e s e v e n s i m u l a t i o n s . T h e r a n k i n g in t h e
t a b l e is d e f i n e d as: 1: h i g h P. m a r i n u s , h i g h p r e d a t i o n , m o d e r a t e m u s s e l f i l t r a 
t i o n , l ow s a l i n i t y m o r t a l i t y 2: h i g h P. m a r i n u s , m o d e r a t e p r e d a t i o n , l o w m u s s e l
f i l t r a t i o n , n o l o w s a l i n i t y m o r t a l i t y 3: l o w P. m a r i n u s , n o p r e d a t i o n , h i g h m u s s e l
f i l t r a t i o n , n o l o w s a l i n i t y m o r t a l i t y 4: l o w P. m a r i n u s , n o p r e d a t i o n , l o w m u s s e l
fil t ra t i o n , n o low s a l i n i ty m o r t a l i t y .

C e n tr a l G a lv e s to n Bay
Pelican Island E m bay.
C lea r Lake
C lea r Lake ( I I S C )
D ickinson B ay
D ickinson B a y ( H S C )
W . E a st Bay
Red B lu ff -M o rg a n ’s P t .
M o r g a n ’s P o in t ( H S C )
N. G alv e sto n B ay
S. E. T rin ity Bay
N. W . T ri n ity Bay
S. W . T rin ity Bay
E. E a s t Bay
T exas C ity -D o lla r R eef
VV. W est B ay
C e n tr a l W e st Bay

Reference
S im u la tio n
1
2
2
2
2
2
3
3
3
3
3
3
3
3
4
4
4

High
Inflow
1
2
4
4
4
4
4
3
3
4
4
4
4
4
4
4
4

Low
Inflow
2
2
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4

(H S C ) indica tes H ouston Ship Channel Region

High
T em p .
1
2
2
2
2
2
3
3
3
3
3
3
3
3
4
4
I

Low
T em p.
1
2
2
2
2
2
3
3
3
3
3
3
3
3
1
I
4

D ecreased
Food
1
2
2
2
2
2
3
3
3
3
3
3
3
3
4
4
4

D ecreased
T u rb id ity
1
2
2
2
2
2
3
3
3
3
3
3
3
3
4
4
4
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m ortality in the central Galveston Bay area. This area then becomes included in
region 2. Moreover, the increase in salinity leads to increased oyster densities in
western East Bay (Table 11). W estern East Bay shifts from an area in which
there is no predation im pact but high com petition from mussels, to one where
there is some effect of predators and lowered com petition from mussels. The shift
in dominance of predators is a direct result of the increased oyster density and
increased salinity, while the shift in mussel filtration is a direct result of increased
salinity.

4.2 G en eral Spatial P a ttern s

4 .2 .1 R eferen ce S im u lation
The reference sim ulation, with m ean environm ental conditions, was used to
establish basic patterns in the distribution of the num ber of total oysters, adult
oysters, abundance of spawn, numbers of recruits and larval survivorship in Galve
ston Bay. These population characteristics are assumed to be representative of the
condition of the oyster population in Galveston Bay. The sim ulated distributions
discussed in this section, representing spatial patterns of these population char
acteristics, were averaged within each element, over the fifth year of each of the
seven simulations. The results presented in the associated tables are Bay-totals of
the fifth year averages.

4 .2 .1 .1 B en th ic D istrib u tio n s
The num ber of to tal oysters (a sum m ation of recruits, juveniles and adult
oysters) (Fig. 18a) in the reference sim ulation is highest (> 106 total oysters m ~ 2)
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Figure 18.

The spatial distributions of, A) total oysters m - 2 , B) adult oysters

m - 2 , C) eggs spawned m - 2 , and D) recruits ra -2 averaged over the fifth year of
the reference sim ulation. The shaded areas are the finite element grid locations in
which oyster reef exists.
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total oysters

adult oysters

>100.
10.0-100.
I . 00-10.0
>•-1- 1.00
i# - « - i* -i

reference
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Figure 18. continued.
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spaw n

l* 0 7 -l(0 8

recruits

>1*00
1(00- 1(00
1(04-1(00
1(03-1(04
1*00-1 *03
1*01-1*08
1. 00- 1(01
I (-0 -1 ,0 0

reference

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

98

in central Galveston Bay, and near the Pelican Island Embayment. M oderate
concentrations (103 total oysters m ~2) are found near Clear Lake on th e western
side of the Houston Ship Channel, and in eastern East Bay (Fig.

18a).

The

lowest values (10 total oysters m -2 ) are found off Sm ith Point, in Trinity Bay,
and in northern Galveston Bay. While adult oysters have similar spatial patterns
(Fig. 18b), the Bay-totaled numbers are three orders of m agnitude lower th an the
num ber of to ta l oysters (Table 15). Additionally, m any areas with low levels of
total oysters have negligible levels of adult oysters, i.e., Galveston Bay north of
Sm ith Point, western East Bay, the area from Texas City to Dollar Point, and
portions of W est Bay (Fig. 18b). Spawning (Fig. 18c) closely follows the patterns
of salinity (cf. Fig. 13a) in the Bay w ith higher spawning occuring in more saline
areas. Spawning is higher to the west of the ship channel, which in general is
m ore saline th an the eastern side. Spawning is also high in East Bay, decreases
up-Bay and is extremely low in the lowest salinity areas of Trinity Bay. The spatial
p a tte rn for recruits (Fig. 18d) is similar to th at for the num ber of total oysters.
Highest num bers of recruits are in central Galveston Bay and in the Pelican Island
Em baym ent. Negligible num bers of recruits extend northw ard from Sm ith Point
on the eastern side of the ship channel, and northw ard from central Clear Lake on
th e western side of the ship channel.

4 .2 .1 .2 P la n k to n ic D istrib u tio n s
In the reference sim ulation, the regions of lowest larval survivorship are the
low salinity reaches of Trinity Bay and northern Galveston Bay (Fig. 19). Lar
val survivorship is expressed as the num ber of recruits divided by the num ber
spawned, m ultiplied by 100. Larval growth rates are decreased at low salinities
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Table 15. B ay-totals of oyster pop u lation characteristics derived from th e
fifth year of th e reference sim ulation.
Variable
Total Oysters
Adult Oysters
Spawn
Recruits
Larvae
Larval Survivorship

number bay 1 vr 1
0.54 x 108
0.28 x 105
0.14 x 1014
0.39 x 10s
0.52 x 1013
Average Survival
0.29 x 106
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Figure 19. T he spatial distribution of oyster larval survivorship (%) averaged over
the fifth year of the reference sim ulation. The shaded areas are the finite element
grid locations in which oyster reef exists.
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larval survivorship

> 1 9 -0 4

-0 6 -1 9 -0 5
-0 7 -1 9 -0 8

-1 0 -1 9 -0 9

-1 2 -1 9 -1 1
-1 3 -1 9 -1 2
-1 4 -le -1 3
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and eventually cease as salinities approach zero, this results in an extended larval
planktonic period. The longer the planktonic period the greater the cumulative
m ortality for oyster laxvae and subsequently, the lower the larval survivorship.
Highest larval survivorship occurs in central Galveston Bay, a region of high flow
rates and turbidities, as well as m oderate salinities and food concentrations (cf.
Figs. 13, 14b, 15b). Salinities in West Bay are favorable for larval growth (cf.
Fig. 13a), however, the larval survivorship in this area is lower th an in central
Galveston Bay. Larval survivorship in West Bay is limited by food supply, which
is less than optim al for larval growth (cf. Fig. 14b).

4 .2 .2 E n viron m en tal V ariability
Year-to-year changes in environm ental conditions can alter the spatial p a t
terns and the characteristics of the oyster population within an estuary.

The

changes in the spatial patterns of total oysters, adult oysters, abundance of spawn,
recruitm ent and larval survivorship, th a t occured as a result of variations in fresh
w ater inflow and tem perature and decreases in food and turbidity, are com pared
to the reference simulation and are discussed in the following sections.

4 .2 .2 .1 V ariation s in F reshw ater Inflow

4.2.2.1.1 B enthic D istributions
Increasing the freshwater inflow to Galveston Bay drops the Bay-wide salin
ities by 3 p p t (cf. Table 9) and results in a 169-199% reduction in the num ber
of to ta l oysters, adult oysters, abundance of spawn, recruits and larvae relative
to th e reference sim ulation (Table 16). The increase in freshwater inflow shifts
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Table 16. B ay-totals of oyster p opu lation characteristics derived from th e
fifth year o f th e high freshw ater inflow sim ulation. T h e p ercen t change
is exp ressed relative to th e equivalent values ob tain ed from th e reference
sim u lation , w hich are given in Table 15.
Variable
Total Oysters
Adult Oysters
Spawn
Recruits
Larvae
Larval Survivorship

number bav 1 vr 1
0.19 x 107
0.24 x 104
0.32 x 1012
0.36 x 102
0.63 x 10u
Average Survival
0.11 x 107

Percent Change
-186.12
-168.53
-190.81
-199.64
-195.20
Percent Change
-185.23
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the isohalines southw ard through the Bay expanding the areal extent of the low
salinity waters. The spatial patterns in oyster population characteristics reflect
the deleterious effects of lower salinity. The num ber of total oysters (Fig. 20al
decreases Bay-wide except in the Pelican Island Em baym ent and in isolated areas
in West Bay. The num bers of adult oysters (Fig. 20b) are negligible throughout
much of Galveston Bay, except near the Pelican Island Em bayment. Spawning
(Fig. 20c) is decreased Bay-wide following the shift of isohalines southw ard through
the Bay. The regions of highest spawning are in the Pelican Island Em bayment.
R ecruitm ent (Fig. 20d) is lowered Bay-wide. The only areas w ith any appreciable
recruitm ent are the higher salinity regions of the Pelican Island Em baym ent and
West Bay.
Decreased salinities have several effects on th e oyster population. The delete
rious effects of lowered salinities are a decreased filtration rate, decreased spawn
ing, low salinity m ortality, and poor larval recruitm ent. The beneficial effects of
decreased salinities are the lessening of the effect of P. marinus and decreased
predation. In this case, the deleterious effects of salinity outweigh the beneficial
effects, as is evident in the Bay-totals of oyster population characteristics in Table
16.
Decreasing the freshwater inflow to Galveston Bay results in the movement
of isohalines northw ard through the Bay, and increases th e Bay-wide salinities by
5 ppt on average (cf. Table 9). Consequently, th e B ay-totaled oyster population
characteristics increase from 124-199% in comparison to the reference simulation
(Table 17). W ith the increase in salinity, the oyster population characteristics
increase in th e northern areas of the Bay (Fig. 21). Regions th a t previously were
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Figure 20. T he spatial distributions of, A) total oysters m - 2 , B) adult oysters m - 2 ,
C) eggs spawned m ~2, and D) recruits m ~2 averaged over the fifth year of the high
freshw ater inflow simulation. The shaded areas are the finite element grid locations
in which oyster reef exists.
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Figure 20. continued.
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T able 17. B ay-totals o f oyster p op u lation ch aracteristics derived from
th e fifth year of low freshw ater inflow sim u lation . T h e p ercen t change
is ex p ressed relative to th e equivalent values ob tain ed from th e reference
sim u la tio n , w hich are given in Table 15.
Variable
Total Oysters
Adult Oysters
Spawn
Recruits
Larvae

number bay-1 vr-1
0.12 x lO10
0.12 x 106
0.18 x 1015
0.49 x 108
0.16 x 1014
Average Survival
Larval Survivorship
0.28 x 104

Percent Change
183.55
124.81
171.14
199.68
101.19
Percent Change
195.89
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Figure 21. The spatial distributions of, A) total oysters m ~ 2, B) adult oysters
m - 2 , C) eggs spawned m - 2 , and D) recruits averaged over the fifth year of the low
freshwater inflow simulation. The shaded areas are the finite element grid locations
in which oyster reef exists.
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not productive or were only m oderately productive, i. e., East Bay and southern
Clear Lake, now show overall increases in population characteristics (Fig. 21).
T here is little change in the oyster populations in West Bay, except for the adult
oysters (Fig. 21b) which show a decrease in some elements.
T he higher Bay-wide salinity reduces the occurrence of low salinity mortality,
increases oyster filtration rates, spawning and larval survivorship. These responses
to increased salinities combine to produce increases in oyster and larval growth
and oyster reproduction. However, P. marinus is also more successful at higher
salinities. Increased P. marinus infection is the cause of the decreases in adult
oysters in W est Bay. Bay-wide, however, this effect is offset by the positive effects
of higher salinity.

4 .2 .2 .1 .2 P la n k to n ic D istr ib u tio n s
Increased freshwater inflow decreases the Bay-wide num ber of larvae by 195%,
decreases larval survivorship by 185% (Table 16), and results in low larval survivor
ship over extensive areas of Galveston Bay (Fig. 22). Larval survivorship is low
throughout th e Trinity River watershed where roughly 75% of the freshwater flows
into th e Bay. Survivorship is negligible throughout Clear Lake, the areas from Red
Bluff to M organ’s Point, and in a large portion of East Bay. Larval survivorship
also declines in the West Bay region where lowered salinities add to the deleterious
effects of low food concentrations (cf. Fig. 14b). At lower salinities, larval growth
ra te is decreased. Decreased growth rates extend the larval planktonic tim e and
increase cum ulative larval m ortalities. This results in a Bay-wide decrease in larval
survivorship.
Conversely, for decreased freshwater inflow conditions, larval numbers are in-
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Figure 22. The spatial distribution of oyster larval survivorship (%) averaged over
the fifth year of the high freshwater inflow simulation. The shaded areas are the
finite element grid locations in which oyster reef exists.
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creased by 101% and larval survivorship is increased by 195% (Table 17). Under
extended periods of low freshwater inflow, salinities increase throughout Galveston
Bay, for example increasing to 10 to 11 ppt in upper Trinity Bay. At higher salin
ities, larval growth rate is increased, which decreases both the larval planktonic
tim e and cumulative larval m ortalities. As a result, larval survivorship increases
throughout the Galveston Bay system (Fig. 23). T he most noticeable increases
occur throughout East Bay, as well as throughout Dickinson Bay, Clear Lake and
the area from Red Bluff to M organ’s Point. The lowest survivorships are still
in the Trinity Bay areas, yet, survivorships there have increased by two to three
orders of m agnitude in the low freshwater inflow sim ulation (Fig. 23).

4 .2 .2 .2 T em p era tu re V ariability

4 .2 .2 .2 .1 B en th ic D istrib u tio n s
The prim ary effect of tem perature is to regulate oyster growth rate by way
of tem perature-induced changes in filtration rate. Hence, increased tem perature
should result in higher oyster yield, assuming th a t other environmental conditions
rem ain favorable. A sim ulation th a t included three years of elevated tem peratures
results in increases in the num ber of total oysters, spawn and recruits of 20, 41 and
199% (Table 18), respectively. However, the num bers of adult oysters decrease by
1% relative to the reference sim ulation (Table 18). A 1% decrease appears to be
small, however, some reefs th a t were m oderately productive in the reference simu
lation have essentially no oysters in the increased tem perature simulation (Fig. 18b
vs. Fig. 24b). This effect is m ost pronounced in central East Bay, near Dickinson
Bay and in W est Bay. This decrease in adult oysters results from the nonlinear
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Figure 23. The spatial distribution of oyster larval survivorship (%) averaged over
the fifth year of the low freshwater inflow simulation. The shaded areas are the
finite element grid locations in which oyster reef exists.
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T able 18. B ay-totals of oyster p op u lation characteristics d erived from
th e fifth year of the high tem p era tu re sim ulation. T he percen t change
is exp ressed relative to th e equivalent values obtained from th e reference
sim u lation , w hich are given in Table 15.
Variable
Total Oysters
Adult Oysters
Spawn
Recruits
Larvae
Larval Survivorship

num ber bav 1 vr 1 Percent Chanee
0.66 x 108
20.81
0.27 x 105
-1.42
0.21 x 1014
41.92
0.99 x 108
199.84
0.26 x 1013
-64.82
Average Survival
Percent Chanee
0.48 x 103
199.76
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Figure 24. The spatial distributions of, A) total oysters m - 2 , B) adult oysters m - 2 ,
C) eggs spawned m - 2 , and D) recruits m -2 averaged over the fifth year of the high
tem perature sim ulation. The shaded areas are th e finite element grid locations in
which oyster reef exists.
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and subtle interactions th a t can be produced by tem perature changes. While in
creased tem perature increases filtration rate, it also increases the rate at which
reproductive m aterial is accum ulated by increasing reproductive efficiency. Thus,
spawning events occur m ore frequently, and less of the net production is appor
tioned to somatic growth, which is a loss to the adult population. In addition to
increasing spawning, increased tem peratures also increase the level of P. marinus
infection and the loss due to predation. These can cause considerable losses to the
oyster population.
Three years of decreased tem peratures result in the sim ulated distributions of
population characteristics shown in Figure 25. Reductions occur in the simulated
total num ber of oysters, am ount of spawn and num ber of recruits by 39, 45 and 24%
respectively (Table 19). At the same time, the num ber of adult oysters increases
by 65% (Table 19). The increase in adult oysters occurs prim arily on the western
side of the ship channel from southern Clear Lake, through the Texas City area
and into West Bay (Fig. 25b).
The observed increase in the simulated num ber of adult oysters occurs because
under lowered tem peratures the accumulation of reproductive m aterial occurs at
a lower rate, due to lowered reproductive efficiency.

This results in more net

production being apportioned to somatic growth and subsequently an increase
in the numbers of adult oysters. Additionally, decreased tem peratures slow the
growth of P. marinu3 and the predation rate, thereby decreasing infection levels
and m ortality in the adult population.

4 .2 .2 .2 .2 P lan k ton ic D istrib u tio n s
Three consecutive years of increased tem peratures increase larval survivor-
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Figure 25. The spatial distributions of, A) to tal oysters m - 2 , B) adult oysters m - 2 ,
C) eggs spawned m - 2 , and D) recruits m -2 averaged over the fifth year of the low
tem perature simulation. The shaded areas are the finite element grid locations in
which oyster reef exists.
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Figure 25. continued.
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Table 19. B a y -to ta ls of oyster p opu lation characteristics derived from
th e fifth year of th e low tem p eratu re sim ulation. T h e percent change is
exp ressed relative to th e equivalent values ob tain ed from th e reference
sim u lation , w hich are given in Table 15.
Variable
Total Oysters
Adult Oysters
Spawn
Recruits
Larvae
Larval Survivorship

number bav 1 vr 1
0.36 x 108
0.54 x 105
0.86 x 1013
0.31 x 105
0.31 x 1013
Average Survival
0.36 x 106

Percent Chanee
-39.43
65.01
-45.94
-24.41
-48.50
Percent Chanee
22.11
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ship by 199% (Table 18). Increased tem peratures decrease larval planktonic time
resulting in a decrease in cumulative larval m ortalities. The spatial distribution
of larval survivorship is shown in Figure 26. Three consecutive years of increased
tem peratures also decrease Bay-totaled larval numbers (Table 18). Accelerated
growth means th e larvae grow through the planktonic period more rapidly, and
fewer larvae are counted in the pre-defined two-week period th a t was used for
recording the frequency of the model output.
Under conditions of lowered tem perature, larval numbers decrease by 48% as a
result of decreased spawning by the adult oyster population (Table 19). However,
while the absolute num bers decrease, larval survivorship increases slightly Baywide (Fig. 27). W hen tem peratures are reduced the period of significant spawning
activity is delayed until later in the summer, which places it after the period of
spring run-off and reduced salinity (cf. Fig. 3a), thereby, resulting in a higher
larval survivorship for the year.

4 .2 .2 .3 V ariations in F o o d and T u rb idity Levels

4 .2 .2 .3 .1 B en th ic D istrib u tio n s
Decreasing the food concentration available to oysters and larvae, by roughly
14%, over a three year period results in Bay-wide changes in the num ber of to
tal oysters, am ount of spawn and num bers of recruits, which decrease by 42, 7
and 39%, respectively, while the num ber of adult oysters increases by 10% (Table
20). Despite these changes in the Bay-wide numbers of the population characteris
tics, the spatial patterns of total oysters, adult oysters, spawning and recruitm ent
shown in Figure 28 axe very similar to those in the reference sim ulation (Fig. 18).
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Figure 26. T he spatial distribution of oyster larval survivorship (%) averaged over
the fifth year of the high tem perature simulation. The shaded areas are the finite
element grid locations in which oyster reef exists.
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Figure 27. The spatial distribution of oyster larval survivorship (%) averaged over
the fifth year of the low tem perature simulation. The shaded areas are the finite
element grid locations in which oyster reef exists.
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Table 20. B ay-totals of oyster p opu lation characteristics derived from
th e fifth year of th e decreased food sim ulation. The percent change is
exp ressed relative to th e equivalent values obtained from th e reference
sim u lation , which are given in Table 15.
Variable
Total Oysters
Adult Oysters
Spawn
Recruits
Larvae
Larval Survivorship

number bav 1 vr 1 Percent Change
0.35 x 10®
-42.98
0.31 x I05
10.23
0.13 x 1014
-7.20
-39.43
0.26 x 105
0.28 x 1013
-57.73
Average Survival
Percent Change
0.21 x 106
-32.46
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Figure 28. T he spatial distributions of, A) to tal oysters m - 2 , B) adult oysters m ~ 2,
C) eggs spawned m - 2 , and D) recruits m -2 averaged over the fifth year of the
decreased food simulation. The shaded areas are the finite element grid locations
in which oyster reef exists.
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The decreases in these population characteristics result from lowered food,
which produces low growth rates for both oysters and larvae. The increase in
the num ber of adult oysters is caused by a shift in the size-frequency distribution
of th e adult oysters. Powell et al. (1995a) found th at when food concentrations
are decreased, large adult oysters (over 76 mm) decrease after the first 3 to 7
years of simulation, while small adult oysters (50 to 76 mm) retain a more stable
population over the first 12 years of simulation. These smaller adults can m aintain
a reproductively active population at lower food concentrations (Powell et al.
1995a).
Exposure to three years of decreased turbidities results in increases in adult
oysters and spawning by 32 and 114%, respectively, while the num ber of total
oysters and recruits decrease by 21 and 2%, respectively (Table 21, Fig.
Decreased levels of turbidity result in increased oyster filtration rates.

29).

Hence,

when turbidity decreases over a three year period, the oyster assimilates more
food, which results in an increase in somatic and reproductive m aterial. While
num bers of adult oysters and spawn increase, there is a Bay-wide decrease in
num bers of recruits (Table 21), which is due to the loss of the beneficial effect
of suspended sediment concentrations nearing 0.10 g I-1 on oyster larval growth.
The effects of turbidity on larval growth and survivorship are described more fully
in th e following section.

4 .2 .2 .3 .2 P la n k to n ic D istrib u tio n s
T he Bay-wide totals of larval numbers decrease by 57% and larval survivorship
decreases by 32% when food concentrations are decreased over a three year period
(Table 20). T he decrease in the num ber of total larvae occurs due to the decrease
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Table 21. B ay-totals o f oyster pop u lation ch aracteristics derived from the
fifth year of th e decreased tu rb id ity sim u lation . T he p ercen t change is
exp ressed relative to th e equivalent values ob tain ed from th e reference
sim u lation , which are given in Table 15.
Variable
Total Oysters
Adult Oysters
Spawn
Recruits
Larvae
Larval Survivorship

num ber bay - 1 vr" 1 Percent Change
0.43 x 10®
-21.31
0.39 x 105
32.72
114.92
0.51 x 1014
-2.33
0.39 x 105
74.13
0.11 x 1014
Average Survival
Percent Change
0.76 x 107
-116.49

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

Figure 29.

The spatial distributions of, A) total oysters m - 2 , B) adult oysters

m - 2 , C) eggs spawned m - 2 , and D) recruits m -2 averaged over the fifth year of
the decreased turbidity simulation. T he shaded areas are the finite element grid
locations in which oyster reef exists.
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in spawning activity. The decrease in larval survivorship occurs because under
conditions of decreased food, the larval growth rate is decreased thus extending
the planktonic period and increasing th e am ount of cumulative larval mortality.
The greatest decreases in the spatial p a tte rn of larval survivorship (Fig. 30) occur
in West Bay, where food values were already low, as well as in northwest Trinity
Bay and the Red Bluff area, where existing lower salinities combine with the
decrease in food concentrations to produce increased larval m ortality.
Larval num bers increase by 74% when turbidities are decreased over a three
year period (Table 21). This increase in the num ber of total larvae occurs due to
the increase in spawning activity. However, when turbidities are decreased over a
three year period larval survivorship decreases by 116% (Table 21). The effects
of turbidity on th e eggs and larvae of th e oyster vary w ith the turbidity concen
tration. For the eggs and early larval sizes, decreased turbidity levels result in
increased survivorship. W hile for all larval sizes, turbidity levels nearing 0.10 g
l-1 result in enhanced larval growth rates, while increased turbidity levels greater
than 0.10 g l-1 result in decreased larval growth rates (cf. Table 3). In the de
creased turbidity sim ulation, decreases in larval survivorship occur in Dickinson
Bay (Fig. 31), which was classified as a m oderate turbidity region in the reference
sim ulation (cf. Fig. 15b), and the low turbidity region in the reduced turbidity
sim ulation. Decreased larval survivorship in this area is m ost likely due to the
extension of the planktonic period as a result of the loss of the beneficial effect
of suspended sedim ent concentrations nearing 0.10 g l- 1 . Increases in larval sur
vivorship occur prim arily in East Bay, which was classified as a high turbidity
region in the reference sim ulation (cf. Fig. 15b). Increased larval survivorship in
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Figure 30. The spatial distribution of oyster larval survivorship (%) averaged over
the fifth year of the decreased food sim ulation. The shaded areas are the finite
element grid locations in which oyster reef exists.
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Figure 31. T he spatial distribution of oyster larval survivorship (%) averaged over
the fifth year of the decreased turbidity simulation. The shaded areas are the finite
element grid locations in which oyster reef exists.
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this area is m ost likely due to increased larval growth rate as a result of lowered
turbidities, as well as to the increased survival of the eggs and larvae smaller than
74 nm.

4 .3 T em p oral P a tte r n s
The tem poral changes in Bay-wide spawning and recruitm ent occuring in the
last three years of all seven simulations were compared. After careful examination
of the time-series of spawning and recruitm ent generated by the seven simula
tions, limits were set to define the occurrences of both Bay-wide spawning and
recruitm ent events. Spawning events exceeding 0.5 x 1014 eggs Bay-1 were clas
sified as m ajor Bay-wide spawning events. Recruitm ent events exceeding 0.15 x
106 recruits B ay-1 were classified as m ajor Bay-wide recruitm ent events. The
time-series of spawning and recruitm ent discussed here are expressed as Bay-wide
totals, which were recorded over two-week intervals. A discussion of the tem poral
changes in spawning and recruitm ent for each of the seven simulations is presented
in the following sections.

4 .3 .1 R eferen ce S im u lation
Over the last three years of the reference simulation, six m ajor spawning
events can be identified (Fig. 32a). The maximum Bay-wide spawning intensity
is on the order of 0.3 x 1015 eggs Bay- 1 , in April of year 3 (Table 22). This
m axim um spawning event occurs as the spring tem peratures increase above 20° C
(cf. Fig. 3b).
There are four m ajor recruitm ent events in the reference simulation. The pe
riod of m axim um recruitm ent occurs in August of year 4 (Fig. 32a), with a maxi-
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Figure 32. Tim e series of spawning and recruitm ent obtained from Bay-wide av
erages in the last three years of each simulation. The y axis in all time series are
equivalent, w ith the exception of the low freshwater inflow tim e series (C), which
had to be extended to include the higher spawning and recruitm ent events th at
occurred in this simulation.
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Table 22. Sum m ary of th e spaw ning frequency, m axim um spaw ning
intensity, percent change relative to the reference sim ulation, and
tim e of m axim um spaw ning calculated from th e final th ree years for
all sim ulations. Values used in th e calculations were at tw o-w eek
intervals.

reference simulation

Spawning
Frequency
6

Maximum
Spawning Percent
Intensity
Change
0.33 x 1016
0.00

Month/Year
of Maximum
Spawning
Apr, year 3

high freshwater inflow

1

0.60 x 1014

-138.87

Oct, year 3

low freshwater inflow

8

0.10 x 1016

102.91

Apr, year 3

high tem perature

11

0.36 x 1015

9.14

Apr, year 3

low tem perature

5

0.24 x 1015

-34.38

Apr, year 3

decreased food

6

0.32 x 1015

-2.43

Apr, year 3

decreased turbidity

7

0.42 x 1015

22.04

Apr, year 3
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m um intensity of 0.3 x 108 recruits in the total Bay area (Table 23). The m aximum
sum m er recruitm ent event occurs after two to three weeks of increasing salinities,
high tem peratures, moderately-high food concentrations and moderately-low tu r 
bidities in the Galveston Bay system (cf. Fig. 3a-d).

4 .3 .2 F reshw ater Inflow
Under three years of high freshwater inflow, th e Bay-wide salinity drops an
average of 3 p p t (cf. Table 9). Extended periods of low salinities decrease filtration
rate, cause extensive low salinity m ortality and retard larval growth. As a result of
lowered filtration rates, the spawning frequency declines from 6 m ajor spawning
events in the reference simulation, to only 1 m ajor spawning event in the high
freshwater inflow simulation. The intensity of the entire tim e series is significantly
reduced in all three years (Fig. 32b). T he m axim um spawning intensity in the
high freshwater inflow sim ulation is 138% lower th an the maximum spawning
event in the reference sim ulation (Table 22). Additionally, the m ajor spawning
event in th e high freshwater inflow sim ulation is shifted into October of year 3
(Fig. 32b).

The maximum spawning event occurs in October because further

reduced spring salinities suppress oyster filtration rates, resulting in lower levels
of energy available for the build-up of reproductive m aterial. Although salinities
are reduced year-round in the high freshwater inflow sim ulation, salinities are high
enough throughout August and Septem ber to perm it a small spawning event in
O ctober of the third year of sim ulation (cf. Fig. 3a).
The high freshwater inflow scenario takes a similar toll on recruitm ent events
w ithin the Bay (Table 23), w ith no m ajor recruitm ent events occuring (Fig. 32b)
as a result of bo th decreased larval supply and considerable decreases in larval
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Table 23. S u m m ary of th e recruitm ent frequency, m axim um re
cru itm en t in ten sity, percen t change relative to th e reference sim u
lation , and tim e of m axim um recruitm ent calculated from the final
th ree years for all sim ulations. Values u sed in th e calculations were
at tw o-w eek intervals.

Recruitment
Frequency
4

Maximum
Recruitment
Intensity
0.33 x 10s

Percent
Change
0.00

Month/Year
of Maximum
Recruitment
Aug, year 4

high freshwater inflow

0

0.40 x 105

-199.52

Aug, year 3

low freshwater inflow

4

0.72 x 109

182.43

Aug, year 3

high tem perature

10

0.55 x 10s

49.43

Aug, year 4

low tem perature

4

0.35 x 108

5.73

Aug, year 4

decreased food

4

0.18 x 108

-57.66

Aug, year 4

decreased turbidity

4

0.20 x 108

-51.32

Aug, year 4

reference simulation
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survivorship (cf. Fig. 22). The highest recruitm ent event, which occurs in August
of year three is 199% lower th an the maximum recruitm ent event in the reference
sim ulation (Table 23).
The frequency and intensity of spawning events in all three years of the low
freshwater inflow simulation (Fig. 32c) are higher th an those in the high freshwater
inflow and reference simulations. The spawning frequency in the low freshwater
inflow sim ulation increases to 8 m ajor spawning events in three years, with a
m axim um spawning event, occuring in April of year 3, of 102% greater th an the
maximum spawning event in the reference simulation (Table 22). Decreased fresh
w ater inflows result in Bay-wide increases in salinity of 5 ppt (cf. Table 9). As a
result of increased filtration rates, spawning in the lower Bay areas remains high
while spawning also increases in the more northern areas of the Bay (cf. Fig. 21c).
This results in Bay-wide averages of spawning which are greater in m agnitude and
longer in duration than in the reference simulation.
Similar to the reference simulation, there are four m ajor recruitm ent events
occuring in the low freshwater inflow simulation (Fig. 32c). However, the mag
nitudes of these events are significantly increased.

T he maximum recruitm ent

event, occuring in August of year 3, is 182% greater th a n the maximum recruit
m ent event in the reference sim ulation (Table 23). The northw ard movement of
isohalines also increases th e spatial extent of areas w ith successful recruitm ent (cf.
Fig 21d), resulting in Bay-totals which are greater in m agnitude.

4 .3 .3 T em p eratu re
Increasing the Bay-wide tem peratures dram atically influences the frequency
of th e spawning and recruitm ent events (Fig. 32d).

Persistently warmer tem-
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peratures increase the frequency of m ajor spawning events, w ithout significantly
increasing the overall m agnitude of these events (Table 22).

The frequency of

the spawning events is increased from 6 m ajor spawning events in the reference
sim ulation to 11 m ajor spawning events in the high tem perature sim ulation (Ta
ble 22, Fig. 32d). W hen Bay-wide tem peratures are increased the length of the
spawning season is extended, providing a longer tim e period for the build-up of
reproductive m aterial and subsequent spawning. Furtherm ore, increased tem per
atures increase the reproductive efficiency, in addition to filtration and respiration
rates. An increase in reproductive efficiency results in a greater am ount of energy
apportioned to reproductive m aterial. Along w ith the physiological changes re
sulting from an increase in tem perature, P. marinus infection and predation rates
are also increased under elevated tem peratures. The culm ination of these effects
are an increased spawning frequency (Fig. 32d) due to an extended spawning
season and higher reproductive efficiency, but a decrease in the Bay-wide numbers
of adult oysters due to both the loss of net production to reproduction and the
increase in P. marinus and predation.
The frequency of recruitm ent events is also increased in th e high tem perature
sim ulation (Fig. 32d). The recruitm ent events increase from 4 m ajor events in
the reference sim ulation to 10 m ajor recruitm ent events in the high tem perature
sim ulation. The m axim um recruitm ent event, which occurs in August of year 4,
is 49% higher th an the m axim um recruitm ent event in th e reference simulation
(Table 23), and the Bay-total for the num ber of recruits in th e high tem perature
sim ulation is 199% higher (cf. Table 18). The increase in the frequency of re
cruitm ent events is due to increased spawning, and shortened planktonic periods
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leading to higher larval survivorships.
Extended periods of lowered tem peratures also influence spawning frequency
(Fig. 32e). Lowered tem peratures decrease the spawning frequency from 6 m ajor
events in the reference sim ulation to 5 m ajor events (Table 22). Lowered tem 
peratures abbreviate the length of the spawning period resulting in fewer spawns
over a three year period, in addition to lowering filtration rate and reproduc
tive efficiency. The maximum spawning event occuring in April of year 3 is 34%
lower th an the maximum spawning event in the reference simulation (Table 22).
However, because more energy is apportioned into somatic growth, P. marinus in
fection decreases, and the respiration rate is reduced, there is actually an increase
in Bay-wide numbers of adult oysters under conditions of lowered tem peratures
(cf. Table 19).
Under three years of lowered tem peratures there are four m ajor recruitm ent
events (Table 23). The m axim um recruitm ent event in the low tem perature sim u
lation, occuring in August of year 4, is only 5% less than the reference simulation.
However, the Bay-total for the num ber of recruits from the fifth year of the low
tem perature simulation, however, is 24% lower then the reference sim ulation (cf.
Table 19). This decrease in m agnitude is the result of lower larval growth rates,
which m ean longer larval planktonic periods and higher cumulative larval m ortal
ities.

4 .3 .4 F o o d and T urbidity
T hree years of decreased food concentrations result in a sim ulated spawning
frequency th a t is consistent with those in the reference simulation (Table 22) and
a slightly decreased spawning intensity. Six m ajor spawning events occur in the
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three year period with the m aximum event in April of year 3 (Fig. 32f). There is
only a slight decrease of 2% for the m aximum spawning event in the reduced food
sim ulation (Table 22). Although the spawning frequency remains unchanged, the
B ay-total for spawning from the fifth year of the decreased food simulation, is 39%
lower then the reference sim ulation (cf. Table 20). Lowered food values m ean less
energy is available for the build-up of reproductive m aterial.
Under reduced food conditions, the recruitm ent frequency is also sim ilar to
the reference sim ulation (Fig. 32f), however the m axim um recruitm ent intensity,
which occurs in August of year 4, is decreased by 57% (Table 23). This decrease in
recruitm ent intensity is the result of lower larval growth rates, which mean longer
larval planktonic periods and higher cumulative larval m ortalities.
There are changes in the tem poral patterns of spawning and recruitm ent in
the reduced turbidity sim ulation (Fig. 32g). The frequency of spawning increases
from 6 m ajor spawning events in the reference sim ulation to 7 m ajor events in the
reduced tu rb id ity simulation. The m agnitude of the maximum spawning event
is increased by roughly 22% (Table 22). By decreasing the turbidity levels, the
filtration rate increases and thus the am ount of food available to the oyster is
increased.

This results in an increase in the frequency and m agnitude of the

spawning events.
W hile decreased turbidity is beneficial for spawning populations, it produces
a decrease in th e intensity of the m axim um recruitm ent event of 51% (Table 23).
This decrease in recruitm ent is due to the extended planktonic periods, resulting
from the loss of th e beneficial effect of turbidities nearing 0.10 g l- 1 .
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4 .4 M u ltivariate A n alysis o f V ariance
A m ultivariate analysis of variance (MANOVA) model was designed in or
der to investigate the correlations between values of spa,wning/recruitment and
environm ental conditions. A second MANOVA model was used to investigate cor
relations between values of spaw ning/recruitm ent and characteristics of the oyster
population. A third MANOVA model was used to investigate the correlations
between values of spawning and sources of m ortality to the oyster population.
P rior to analyses, the d a ta were averaged within each element, over each year
of the seven simulations. The first year of each sim ulation is a spin-up year for
the model, therefore, only results obtained from the final four years of sim ulation
are considered in the interpretation of the analyses. A P < 0.05 indicates th at
variables are significantly related (95% confidence interval). For this reason, only
results where th e P value was less th an or equal to 0.05 are presented in the tables.

4 .4 .1 E n v iro n m en ta l P ro p erties
Environ m ental properties contribute to the pattern s of spawning and recruit
m ent within oyster populations. The environm ental properties used in this analysis
were: salinity, food concentration for oysters, food concentration for larvae, tu r
bidity effecting oysters, turbidity effecting larvae, and flow rate. Tem perature is
applied uniformly across the Bay system, therefore it was not used as a property
in this analysis. Years in which environm ental conditions are significantly corre
lated (P < 0.05) with spawning and recruitm ent are reported in Tables 24 and 25,
respectively.
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Table 24. R esu lts from th e final four years of th e m u ltivariate analysis
of variance m od el d esign ed to in vestigate relation sh ip s betw een spaw ning
and environ m ental con d ition s. A P < 0.05 in d icates th a t variables are
sign ificantly related (95% confidence interval). O nly resu lts w here th e P
value was less than or equal to 0.05 are p resen ted below . T he percent
d en oted b elow each environ m ental con dition in d icates th e percent o f th e
years th a t spaw ning is correlated w ith th e condition.
Environmental Condition
Salinity
(100%)

Food Available to
Oysters
(89%)

Turbidity Affecting
Oysters
(75%)

Flow Rate
(25%)

Simulation
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity

Year 2
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
—
—
—
—
—
—
—

Year 3
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
—
0.0001
0.0001
0.0001
0.0001
0.0022
0.0007
0.0004
0.0002
0.0001
0.0009
0.0196
0.0144
—
0.0054
—
—
0.0035
0.0445

Year 4
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0020
0.0001
—

Year 5
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0001
—

0.0001
0.0001
0.0001
0.0008
—

0.0001
0.0001
0.0014
0.0015
—
—
—
0.0060
0.0007 0.0009
0.0012 0.0050
0.0080 0.0195
—
—
—
—
—
—
0.0011 0.0001
—
—
—
0.0470
—
—
—

-

........
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Table 25. R esu lts from th e final four years of th e m ultivariate analysis of
variance m od el design ed to in vestigate relationships b etw een recruitm ent
and environ m ental con d ition s. A P < 0.05 indicates th at variables are
sign ificantly related (95% confidence interval). O nly results w here the P
value was less th an or equal to 0.05 are presented below . T he percent
d en oted below each en viron m ental con dition indicates th e percent of the
years th a t recruitm ent is correlated w ith th e condition.
Environmental Condition
Salinity
( 100%)

Food Available to
Larvae
(21%)

Turbidity Affecting
Larvae
(60%)

Flow Rate
(93%)

Simulation
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity

Year 2
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
—
—
—
—
—
—
—
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

Year 3
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
—
0.0009
0.0001
—
—
—
—
0.0030
—
0.0271
—
0.0007
0.0017
0.0104
0.0001
0.0002
0.0001
0.0001
0.0001
0.0001
0.0001

Year 4
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
—
0.0020
0.0001
—
—
—
—
—
—
—
0.0433
0.0031
0.0154
—
0.0031
0.0004
0.0048
—
0.0001
0.0001
0.0100

Year 5
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
—
0.0157
0.0001
—
—
—
—
—
—
—
—
0.0227
0.0465
—
0.0008
0.0001
0.0079
—
0.0001
0.0001
0.0279
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4 .4 .1 .1 Spaw ning
Salinity is correlated w ith spawning during every year of each sim ulation (Ta
ble 24), which indicates th a t salinity is a prim ary factor controlling spawning. Both
the oyster filtration rate and the level of P. marinus are strongly influenced by
salinity. Thus, changes in salinity can structure an oyster population by changing
the oysters scope for growth while simultaneously effecting the num ber of oysters
lost to P. marinus. Food concentration is correlated with spawning in 89% of the
years when comparing all seven simulations (Table 24). T he low freshwater inflow
sim ulation is the only sim ulation in which food concentration is not strongly corre
lated w ith spawning patterns in the Bay over the four year period. Because of the
beneficial effects of elevated salinities, in the low freshwater inflow sim ulation, the
level of food available to the oyster becomes less instrum ental in the determ ination
of spawning.
Turbidity is correlated with spawning in 75% of the years (Table 24). Tur
bidity shows correlations over a four year period when tem peratures are raised
and lowered or food concentration is decreased over the period of the sim ulation.
Both alterations in tem perature, by changing filtration rate, and decreases in food
concentration affect the am ount of food oysters ingest. Turbidity also effects fil
tratio n rate (i.e., increased turbidity decreases filtration). W hen filtration rate is
altered or food concentration is decreased, the turbidity concentration may become
a determ inant factor in the accum ulation of reproductive m aterial. Correlations
between spawning and turbidity break down in the final years of the reduced tu r
bidity sim ulation. This may be due to the fact th a t turbidity levels are decreased
to near zero values by the fifth year of simulation. Thus, b o th food concentration
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and turbidity exhibit controls on spawning populations, however, the im pact they
exert on th e spawning population is secondary to th a t of salinity.
Finally, flow rate is correlated w ith spawning in only 25% of the years (Table
24), no long term correlations exist between flow rate and spawning in any of
the sim ulations. This indicates th at for all sim ulations spawning spans across the
entire range of flow velocities, as can be seen in the reference simulation (cf. Fig.
13b, 18c).

4 .4 .1 .2 R e c r u itm e n t
Salinity is correlated w ith larval recruitm ent in all years of every simulation
(Table 25), indicating th at salinity is a prim ary factor controlling recruitm ent. In
contrast to the high correlations between salinity and larval recruitm ent, there is
a correlation between food concentration and recruitm ent in only 21% of the years
(Table 25). A four-year correlation between larval food supply and recruitm ent
occurs only when the influx of freshwater changes. Laxvae are extremely sensi
tive to changes in salinities. W hen larvae have either favorable salinities under
low freshw ater inflow conditions, or unfavorable conditions under high freshwater
inflow conditions larval food may become a determ inant factor in larval survival.
T urbidity is correlated w ith recruitm ent in only 60% of the years (Table 25).
Correlations between turbidity and recruitm ent occuring over a four year period
under prolonged periods of lowered tem perature and food. Both low tem perature
and reduced food decrease th e larval growth rate. Under these less th an favorable
growth conditions, the presence or absence of turbidity m ay become a determ inant
factor in larval survivorship.
Finally, flow rate is highly correlated w ith recruitm ent in 93% of years (Table
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25). Although flow rate does not directly effect larval growth, flow rate is signifi
cantly correlated with Bay salinities. The strong correlation which results between
recruitm ent and flow rate, may be caused by the significant correlation between
salinity and flow rate.

4 .4 .2 P o p u la tio n C h aracteristics
The element-averaged population characteristics, for each year of the seven
simulations, used in this analysis were: spawn, recruits, num bers of total oysters,
adult oysters, population filtration and total larvae. Years in which population
characteristics are significantly correlated (P < 0.05) with spawning and recruit
m ent are reported in Tables 26 and 27, respectively.

4 .4 .2 .1 S p aw ning
R ecruitm ent is correlated w ith spawning in only 53% of years (Table 26). The
discrepancy between spawning and recruitm ent occurs because the environmental
and biological factors which determ ine spawning and recruitm ent success differ.
For instance in the fifth year of the reduced turbidity simulation, conditions were
favorable for the build-up of reproductive m aterial, resulting in a Bay-wide increase
of spawn of 114%, while laxvae lost th e beneficial effect of turbidities near 0.10 g I-1
and Bay-wide recruitm ent decreased by 2% (cf. Table 21). The only simulation
in which there is a four-year correlation between recruitm ent and spawning is
th e high freshwater inflow sim ulation. In this sim ulation, a Bay-wide decrease in
salinity of 3 p p t (cf. Table 9) restricts the axeas of any appreciable spawning and
recruitm ent to the Pelican Island Em baym ent (cf. Fig. 20c,d). The exceedingly
deleterious effect of low salinity on b o th oyster and laxvae creates this lim ited

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

148

Table 26. R esu lts from th e final four years of th e m u ltivariate analysis
o f variance m od el design ed to in vestigate relation sh ips b etw een spaw ning
and p op u lation characteristics. A P < 0.05 in dicates th a t variables are
sign ifican tly related (95% confidence interval). O nly resu lts w here th e P
value was less than or equal to 0.05 are presented b elow . T he percen t
d en oted below each popu lation characteristic ind icates th e percen t of th e
years th a t spaw ning is correlated w ith th e characteristic.
Population Characteristics
Recruits
(53%)

Total Ovsters
(57%)

Adult Oysters
(36%)

Population
Filtration Rate
(89%)

Total Larvae
(89%)

Simulation
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity

Year 2
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0089
0.0089
0.0089
0.0089
0.0089
0.0089
0.0089
—
—
—
—
—
—
—
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004

Year 3 Year 4
—
—
0.0001 0.0016
—
—
0.0369
—
—
—
—
—
—
0.0159
—
—
0.0002 0.0272
0.0003 0.0036
—
0.0284
—
0.0034
—
—
—
—
—
—
0.0335 0.0002
0.0001 0.0023
—
0.0001
—
0.0086
—

—
0.0001

—

—
0.0033
—
0.0001
0.0001 0.0001
—
0.0084
0.0001 0.0001
0.0001 0.0002
0.0001 0.0181
0.0001 0.0001
0.0001 0.0001
0.0001
0.0087 0.0080
0.0170
0.0002 0.0001
0.0001 0.0001

Year 5
—
0.0001
0.0035
—
—
0.0340
0.0001
—
0.0013
0.0082
—
0.0057
—
—
0.0010
—
0.0131
—
0.0001
—
0.0001
0.0007
0.0001
0.0018
0.0004
0.0001
0.0004
—
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
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Table 27. R esu lts from th e final four years of the m ultivariate analysis of
variance m od el designed to in vestigate relationships betw een recruitm ent
and p op u lation characteristics. A P < 0.05 indicates that variables are
sign ifican tly related (95% confidence in terval). Only results w here th e P
value was less than or equal to 0.05 are presented below. T he percent
d en o ted below each p op u lation characteristic indicates the percent of the
years th a t recruitm ent is correlated w ith th e characteristic.
Population Characteristics
Spawn
(53%)

Total Oysters
(78%)

Adult Oysters
(82%)

Population
Filtration Rate
(60%)

Total Larvae
(96%)

Simulation
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity

Year 2
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0004
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

Year 3
—
0.0001
—
0.0369
—
—
—
0.0001
—
—
—
0.0001
0.0001
0.0006
0.0001
—
0.0001
0.0001
0.0007
0.0001
0.0001
0.0187
—
—
—
0.0088
0.0464
—
0.0001
----0.0001
0.0001
0.0001
0.0001
0.0001

Year 4
—
0.0016
—
—
—
—
0.0159
0.0001
0.0001
—
0.0122
0.0001
0.0001
0.0320
0.0001
—
0.0001
—
0.0022
0.0001
0.0001
—
0.0075
—
0.0374
0.0208
0.0418
—
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

Year 5
—
0.0001
0.0035
—
—
0.0340
0.0001
0.0025
0.0001
—
0.0240
0.0001
0.0042
—
0.0082
—
0.0001
—
0.0001
0.0011
0.0002
—
0.0018
—
—
0.0272
0.0136
—
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

R ep ro d u ced with p erm ission of the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

150

distribution and results in a significant relationship between the distribution of
recruitm ent and spawning over a four year period.
Total oysters are correlated w ith spawning in 57% of the years (Table 26).
Correlations over a four year period occur only when the freshwater inflow is
varied because salinity isohalines axe critical to the spatial p attern of both the
to tal num ber of oysters and spawning.
Adult oysters are correlated w ith spawning in 36% of the years (Table 26).
T he discrepancies between the num bers of adult oysters and spawning exist be
cause the conditions which may be favorable for the build-up of spawn may not
be favorable for adult oysters. For example, in the high tem perature simulation,
increased tem peratures lead to increased reproductive efficiency and spawning fre
quency (cf. Fig. 32d). T he result was a Bay-wide increase in spawning of 41%.
Simultaneously, the large output of reproductive m aterial resulted in a decrease
to th e Bay-wide adult population of 1% (cf. Table 18).
Population filtration is correlated w ith spawning in 89% of years (Table 26).
F iltration rate determines, in part, the am ount of food ingested by the oyster,
which is then apportioned into somatic and reproductive growth. The correlation
between population filtration and spawning is dim inished in the high freshwater
inflow, high tem perature and reduced turbidity sim ulations. Each of which alters
the am ount of food ingested and assim ilated by the oyster, further altering the
am ount of energy apportioned into reproduction.
Finally, num bers of larvae are correlated w ith spawning in 89%) of the years
(Table 26). This correlation is enhanced due to the fact th at larvae are not advected among the elements. If larvae were advected the results of this MANOVA
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would be more dependent on the current patterns within the estuary.

4 .4 .2 .2 R ecru itm en t
Because a large portion of the total num ber of oysters is comprised of recruits,
it follows th a t total oyster num ber is correlated with recruits in 78% of the years
(Table 27). Densities of recruits, in relation to the densities of th e adult oysters,
are high.
A dult oysters are correlated with recruitm ent in 82% of the years (Table
27). R ecruitm ent is correlated with adult oysters over a four year period in five
simulations. The exceptions are the high freshwater inflow and high tem perature
simulations. The Bay-totals of adult oysters in these simulations are decreased in
relation to the reference sim ulation (cf. Tables 16, 18). Additionally, the areas in
which adult oysters are significantly productive are limited. Adult oysters are lost
in the high freshwater inflow sim ulation from lowered filtration and low salinity
m ortality, and from the high tem perature sim ulation by increased reproductive
efficiency, P. marinus infection and predation. This removal of adult oysters in
both sim ulations breaks down the correlation between numbers of adult oysters
and recruitm ent.
Population filtration rate is correlated with recruitm ent in 60% of the yeaxs
(Table 27). There are correlations between population filtration and recruitm ent
over all four yeaxs of b o th th e low tem perature and decreased food simulations.
In both simulations the Bay-wide num bers of adult oysters are increased while
recruitm ent is decreased (cf. Tables 19, 20)
Finally, to tal laxvae are correlated w ith recruitm ent in 96% of the yeaxs (Table
27). In the reference sim ulation, areas w ith the lowest spawn and larval survivor
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ship are areas with low larval num ber (cf. Figs.

18c, 19), these are also the

areas w ith lowest recruitm ent (cf. Fig. 18d). This correlation is slightly elevated,
because larvae are not advected among elements.

4 .4 .3 S ou rces o f M ortality
The element-averaged sources of mortality, for each year of the seven simu
lations, used in this analysis were: the number of oysters killed by P. marinus,
P. marinus prevalence, the num ber of oysters killed by low salinity m ortality and
predation, as well as mussel filtration. Years in which sources of m ortality to
the oyster population are significantly correlated (P < 0.05) with spawning are
reported in Table 28.

4 .4 .3 .1 Spaw ning
The num bers of oysters killed by P. marinus is correlated with spawning in
96% of the years (Table 28). The correlation between spawning and numbers of
oysters killed by P. marinus breaks down in the final year of the high freshwa
ter inflow sim ulation, which reduces the level of P. marinus in the population by
lowering salinities. The prevalence and intensity of P. marinus is also largely deter
mined by salinity (Hofmann et al. 1995). This m ay account for high correlations
since salinity has a large influence on oyster reproduction.
P. marinus prevalence is correlated with spawning in 71% of the years (Table
28). The only sim ulation in which the correlation occurs over all four years is the
high freshwater inflow simulation. In this case, by the fifth year of simulation,
the level of adult oysters has been reduced Bay-wide with the exception of the
Pelican Island Em bayment. The absence of adult oysters would drive P. marinus
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Table 28. R esults from the final four years of the m ultivariate analysis of
variance m odel designed to investigate relationships between spawning and
sources of mortality. A P < 0.05 indicates that variables are significantly
related (95% confidence interval). Only results where the P value was less
than or equal to 0.05 are presented below. The percent denoted below
each source of m ortality indicates the percent of the years that spawning
is correlated with the source.
Sources of Mortality
Oysters Killed by
P. marinus
(96%)

Simulation
reference
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
P. marinus Prevalence reference
(71%)
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
Oysters Killed by
reference
Low Salinity Mortality high freshwater inflow
(43%)
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity
Oysters Killed by
reference
Predation
high freshwater inflow
low freshwater inflow
(67%)
high temperature
low temperature
decreased food
decreased turbidity
Mussel Filtration Rate reference
(92%)
high freshwater inflow
low freshwater inflow
high temperature
low temperature
decreased food
decreased turbidity

Year2
Year3
0.0001 0.0001
0.0001 0.0003
0.0001 0.0001
0.0001 0.0001
0.0001 0.0001
0.0001 0.0001
0.0001 0.0001
0.0066 0.0222
0.0066 0.0001
—
0.0066
0.0066
—
—
0.0066
0.0066 0.0038
0.0066 0.0343
—
0.0001
0.0001 0.0052
—
0.0001
0.0001
—
0.0001
—
—
0.0001
—
0.0001
—
0.0005
—
—
0.0001
—
0.0001
—
0.0019
—
0.0011
—
0.0075
0.0001 0.0017
0.0001 0.0023
0.0001 0.0001
0.0001 0.0001
0.0001 0.0001
0.0001 0.0005
0.0001 0.0035

Year4
0.0001
0.0006
0.0001
0.0001
0.0001
0.0001
0.0001
—
0.0062
0.0001
—
—
—
—
—
0.1120
—
—
—
—
—
0.0001
—
0.0034
0.0267
0.0001
0.0001
0.0001
0.0001
0.0413
—

0.0001
0.0001
0.0001
0.0001

Year5
0.0001
—
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0118
0.0098
0.0001
0.0001
—
0.0035
—
—
0.0003
—
0.0110
0.0001
0.0002
0.0001
0.0001
0.0169
0.0001
0.0001
0.0001
0.0001
—
0.0001
0.0001
0.0001
0.0001
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prevalence to low levels in every areas with the exception of the Pelican Island
Em bayment.
By the fifth year of simulation the number of oysters killed by low salinity
m ortality is correlated w ith spawning in only the high freshwater inflow simulation
(Table 28). The high freshwater inflow simulation results in extensive Bay areas
w ith very low levels of spawning. At the same time, by the fifth year of simulation
levels of low salinity m ortality are almost negligible Bay-wide.
Oysters killed by predation show a correlation with spawning in 67% of the
years (Table 28). This absolute percent is lowered because no correlation occurs
during the second year of simulation. However the last three years in all simula
tions, with the exception of the high freshwater inflow simulation, show significant
correlations. The high freshwater inflow simulation results in the highest Bay-wide
losses of the reproductive population of any simulation, this loss is 168% (cf. Table
16).
Finally, mussel filtration is correlated with spawning in 92% of the years.
Because the distribution of mussels is closely related to the salinity isohalines in
the Bay, it is likely th at this correlation is high because of the effect of salinity,
rath er than the effect of mussel filtration on spawning.
As previously noted, the numbers of oysters killed by P. marinus, low salinity
m ortality and predation are, in part, dependent upon oyster density. The cor
relations between spawning and these sources of m ortality, therefore, may stem
from a m utual dependency on oyster abundance. This should be considered when
interpreting results from the MANOVA.
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4.5 Spatial A utocorrelation
Spatial autocorrelation was used to examine the spatial patterns of properties
derived from, as well as properties used as input to, the oyster-circulation model.
Properties derived from the oyster-circulation model used in this analysis were:
total oysters, adult oysters, spawn, all larval groups, recruits, oysters killed by P.
marinus, P. marinus prevalence, oysters killed by predation, population filtration
and mussel filtration. T he environm ental properties used in this analysis were:
salinity, food available to oysters and laxvae, as well as turbidity effecting oysters
and larvae (cf. Table 8). Prior to analysis, the d a ta were averaged within each
element, over the fifth yeax of each of the seven sim ulations. The results of this
analysis are described below.

4.5.1 R eference Sim ulation
Correlograms were generated, at 5 km intervals, to identify the spatial p a t
terns of properties from each of the seven sim ulations. Examples of some of the
lengths, in km, of reef in select areas of the Bay are given in Figure 33. The
correlograms generated from the reference sim ulation are presented in Figures 34
and 35. The distances at which M oran’s I was less th an the expected value (I
< -0.0025) are sum m arized in Table 29. These distances were used to define the
spatial p atterns of properties derived from, as well as properties used as input to,
the oyster-circulation model.
In the reference sim ulation, total oysters shaxe a spatial scale of 20 to 25
km with the num bers of oysters killed by predation and th e average population
filtration rate (Figs. 34, 35, Table 29). This 20 to 25 km distance is roughly
equivalent to the length of reef in West Bay and th e extent of reef in mid-Galveston
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Figure 33. Examples of reef length scales in the Galveston Bay system.
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Figure 34. Correlogram s constructed from the spatial autocorrelation analysis of
model input and o u tp u t variables derived from the fifth year of the reference simu
lation. See text for a description of M oran’s I.
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Figure 35. Correlograms constructed from the spatial autocorrelation analysis of
model input and output variables derived from the fifth year of the reference simu
lation. See text for a description of M oran’s I.
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T a b l e 29. S u m m a r y o f t h e s p a t i a l a u t o c o r r e l a t i o n r e s u l t s . T h e v a lu e s in e a c h
c o l u m n r e p r e s e n t t h e d i s t a n c e s , i n k i l o m e t e r s , a t w h i c h M o r a n ’s I w a s l e s s t h a n
th e e x p e c te d v alu e.

t o t a l o y ste rs
a d u l t o y ste rs
spa w n
larval g r o u p 1
larval g r o u p 2
larval g r o u p 3
larval g r o u p 4
larval g r o u p 5
larval g r o u p 6
la rval g r o u p 7
rec ru it
killed )>y / ’. m a r i n u s
prevalence
killed p r e d a tio n
a v e ra g e filtratio n
m ussel filtratio n
salinity
food o y ste r
t u r b i d i t y o y s te r
food larvae
tu r b i d i t y la rv a e
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25.
10.
10.
10.
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10.
10.
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30.
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05.
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00.
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Bay from Dickinson Bay to Smith Point (Fig. 33). Both the num bers of oysters
killed by predation and the average population filtration rate are highly dependent
on th e num ber of total oysters. Hence, these properties have similar distributions.
The num ber of adult oysters share a spatial scale of 40 km w ith the numbers
of oysters killed by P. marinus. In the reference simulation, this is roughly equiv
alent to the length of the Houston Ship Channel (Fig. 33). P. m annus-induced
m ortality in juvenile size classes is rare (Hofmann et al. 1995), leaving the m ajor
ity of the P. marinus-induced m ortality in the adult size classes. The dependence
of P. marinus on the adult population results in the similar distributions. The
spatial scale identified for spawning is 10 km, with a secondary signal at 40 km.
This spatial scale is sim ilar to the scale of adult oysters and num bers of oysters
killed by P. marinus (Fig. 34).
In the reference sim ulation the spatial scales of larval groups are: 10 km,
which is sim ilar to the prim ary spatial scale of spawning; 40 km, which is similar
to th e secondary spatial scale of spawning as well as the prim ary spatial scale of
adult oysters; and 30 km (Table 29). Recruits, similar to larvae in larval group
7 (the final larval group), share a similar spatial scale of 30 km (Fig. 34, Table
29). This is roughly equivalent to the length of the reef from the Houston Ship
Channel to the eastern expanse of East Bay (Fig. 33). Variability in the larval
spatial p atterns occur because the larvae change on shorter tim e scales th an do
oysters.
In general, the environm ental conditions have spatial scales th a t are longer
th an scales from population characteristics. Patterns of turbidity affecting larvae
and oysters have alm ost identical correlograms, w ith a spatial scales on the order

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

161

of 45 km (Fig. 35, Table 29), which approaches the length of the Houston Ship
Channel (Fig. 33). Patterns of food concentration, salinity and th e properties
intrinsically tied into salinity like prevalence, share a longer spatial scale, extending
from 55 to 65 km (Fig. 35, Table 29), which reflects the influence of both the
Trinity River inflow and the exchange of water through Bolivar Roads T idal Pass.

4 .5 .2 A C om p arison o f S im u lation s
Several consistent patterns emerge in the comparison of spatial scales among
the seven simulations. T he total num ber of oysters share th e same spatial scale
w ith population filtration in every simulation. Adult oysters share the sam e spatial
scale with num bers of oysters killed by P. marinus in every sim ulation, w ith the
exception of the low freshwater inflow simulation. Larval group 7, th e m ost m ature
larval group, and recruits share the same spatial scales in all sim ulations w ith the
exception of the low freshwater inflow simulation. In the low freshw ater inflow
sim ulation, isohalines move northw ard and expand th e productive regions of the
Bay (cf. Fig. 21). The variation w ithin this productive area increases, and the
expanse of Bay with lowered productivity decreases. This results in a decrease
in the spatial scales of P. marinus and recruitm ent, as well as m any of the other
spatial scales identified by spatial autocorrelation (Table 29). Finally, the spatial
scales for all environm ental properties are invariant between sim ulations, with
th e exception of turbidity, which changes its spatial distribution in th e reduced
turbidity simulation. To aid in the comparison of scales of sim ilarity, th e num ber
of properties w ith scales similar to the reference sim ulation for each of th e seven
sim ulations are presented in Table 30.
The spatial scales of properties in the reduced food sim ulation are m ost similar
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T able 30. T h e num ber o f p rop erties w ith scales of sim ilarity w hich re
sem b le th e reference sim ulation for each of th e seven sim u lation s, and th e
p ercen t sim ilarity, based on th e num ber of properties w ith sim ilar spatial
sca les, for each sim ulation is also presen ted.
Properties with
Similar Spatial Scales
21

Simulation

Percent

reference simulation

(%)
100

18

reduced food

86

17

low tem perature

81

14

high tem perature

66

11

reduced turbidity

52

10

low freshwater inflow

48

10

high freshwater inflow

48
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to those in the reference simulation. Roughly 86% of the properties share similar
scales (Table 30). The exceptions are spawning and mid-sized larvae, which have
a spatial scale of 40 km. In the reduced food sim ulation these properties share
sim ilar spatial scales w ith adult oysters and th e num ber of oysters killed by P.
marinus (Table 29).
T he spatial scales of properties from the low tem perature simulation are the
second m ost similar to those in the reference sim ulation, with 81% of the scales
rem aining consistent between the sim ulations (Table 30).

Spawning and m id

sized larvae increase in spatial scale to 30-40 km in the low tem perature simulation
(Table 29). In the low tem perature sim ulation these properties share similar spatial
scales w ith adult oysters and the num ber of oysters killed by P. marinus (Table
29).
Roughly 66% of the properties in the high tem perature sim ulation have p a t
terns sim ilar to the reference sim ulation (Table 30). Spawning increases in spatial
scale to 40 km, similar to the spatial scale for adult oysters, while all larval groups
have spatial scales of 30-40 km which result from increased spatial scales of spawn
ing. A sim ultaneous decrease in the scale of sim ilarity for population filtration is
very small, only 5 km (Table 29). This decrease may be attributed to the slight
decrease in the num bers of adult oysters, caused by P. marinus and increased
reproductive efficiency, resulting in less energy available for somatic growth (cf.
Table 18, Fig. 24b)
T he spatial scales of properties in the reduced turbidity simulation axe 52%
similar to the reference sim ulation (Table 30).

The spatial scale of spawning

increases to 40 km, while larvae share spatial scales of 10, 30 and 40 km (Table 29).
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Simultaneously, the total num ber of oysters and th e average population filtration
rate decrease in scale from 25 km in the reference sim ulation to 20 km under
decreased turbidity conditions. This small shift in spatial scale (cf. Table 21),
may be caused by the small increase in numbers of total oysters in E ast Bay,
which increases the variability of the total oyster distribution in th at region.
T he simulations which are most dissimilar to th e reference simulation in terms
of spatial p a tte rn are the high and low freshwater inflow sim ulations, each of which
is only 48% similar to the reference simulation (Table 30). In the low freshwa
ter inflow sim ulation, isohalines move northw ard through the Bay and Bay-wide
salinities increase by 5 ppt (cf. Table 9), resulting in the expansion of productive
regions (cf. Fig. 21). W hile the spatial expanses of properties axe increased in
th e low freshwater inflow simulation (cf. Fig. 21), the variability w ithin these
areas is increased. Additionally, the spatial expanse of the low productivity areas
is decreased. For this reason, the properties which change in spatial scale (larval
groups 2-7, recruitm ent, and oysters killed by P. m arinus) have shorter spatial
scales varying between 10 and 25 km in length (Table 29). Prevalence, however,
which increases to high levels in the m ajority of the Bay areas with the onset
of higher salinities and the concurrent expansion of productive areas, increases
slightly from 65 km to 70 km.
In the high freshwater inflow sim ulation in addition to spawning and larval
groups 1 through 4, total oysters, the num ber of oysters killed by predation and
population filtration all increase in spatial scales. W ith th e increased influx of
freshwater, salinities drop 3 ppt Bay-wide (cf. Table 9). Under these conditions
large expanses of the Bay area have uniformly low densities of total oysters (cf. Fig.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

165

20a) resulting in the increases in spatial scale. The changes in population filtration
and predation are directly related to the changes in total oyster distribution. At
th e same time P. marinus prevalence and mussel filtration decrease their spatial
scales in response to the changes in salinity (Table 29).

4 .6 D irectio n a l A u to co rrela tio n
Directional autocorrelation analysis was used to examine directional trends
of properties associated w ith the oyster-circulation model. This analysis used the
same properties included in the spatial autocorrelation analysis. Prior to analysis,
the d a ta were averaged w ithin each element, over the fifth year of each of the seven
sim ulations. These results are discussed below.

4 .6 .1 R eferen ce S im u lation
Correlograms were generated to indicate the directional trends of properties
associated with each simulation. Correlograms were generated from a north north
easterly (22.5°) to a southerly (180°) direction in increments of 22.5° (Fig. 36).
T he correlograms from the reference sim ulation are presented in Figures 37 and
38. T he angle directions along which properties are aligned are summarized in
Table 31.
Generally, the properties associated w ith the reference simulation fall into one
of five groups. The average population filtration is oriented in a north north-east
direction (22.5°) (Fig. 38), which is along the influence of Trinity River outflow
(Fig.

36).

Adult oysters, larval groups 4 and 7, recruits and the num ber of

oysters killed by P. marinus are all oriented in an easterly direction (90°) (Fig.
37). This is along the m ajor reef tract extending from Dickinson Bay through
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Figure 36. Angle directions in which M oran’s I is calculated in the directional
autocorrelation analysis, overlaid on the Galveston Bay shoreline.
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Figure 37. Correlograms constructed from the directional autocorrelation analysis
of the model input and output variables derived from the fifth year of the reference
sim ulation. See tex t for a description of M oran’s I.
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Figure 38. Correlograms constructed from the directional autocorrelation analysis
of the model input and output variables derived from the fifth year of the reference
sim ulation. See text for a description of M oran’s I.
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T a b le 31. S u m m a r y o f t h e r e s u l t s fr o m d i r e c t io n a l a u t o c o r r e l a t i o n . P r o p e r t i e s
w h i c h r u n p a r a l l e l t o t h e a n g l e d i r e c t i o n s : 2 2 .5 , 4 5 , 6 7 .5 , 9 0 , 1 1 2 .5 , 1 3 5 , 1 5 7 .5
a n d 1 8 0 °, a r e s h o w n . P r o p e r t i e s w h i c h d o n o t r u n p a r a l l e l t o t h e a n g l e d i r e c t i o n s
a r e i n d i c a t e d b y x.

t o t a l o y ste rs
a d u l t o y ste rs
spawn
larval g r o u p 1
larval g r o u p 2
larval g r o u p 3
larval g r o u p 4
larval g r o u p 5
larval g r o u p 6
larval g r o u p 7
rec ru it
killed P . m a r i n u s
prev alen ce
killed p r e d a tio n
a v e ra g e filtration
m ussel filtration
salinity
food o y s te r
t u r b i d i t y o y ste r
food la rv a e
t u r b i d i t y larvae

Reference
S im u la tio n
135
90

Low
Inflow
135
67.5
67.5-90
112.5

High
T em p .
135
112.5
112.5

X

High
Inflow
45,135
135
135
135

X

X

X

X

112.5,157.5
90
135-157.5
157.5
90
90
90
157.5
112.5
22.5
67.5
180
180
180
ISO
180

135
135
135
135
135
135
112.5
180
135
135
67.5
180
180
180
180
180

X

X

X

X

90

X

X

X

X

X

X

X

X

X

22.5
67.5
22.5
0-22.5
67.5
180
180
180
180
180

90
157.5
112.5
180
67.5
180
180
180
180
180

Low
T em p .
135
90
135
135
135
135
90
135
112.5
90
90
1 12.5
135-157.5
112.5
180
07.5
180
180
180
180
180

D ecreased
Food
135
180
157.5-180
180
157.5
157.5
112.5
157.5
112.5
90
90
90
157.5
112.5
135
67.5
180
180
180
180
180

Decrease!
T u rb id ity
22.5,135
90
X
X

22.5,90
22.5
22.5
157.5
22.5
90
90
90
157.5
112.5
22.5
67.5
180
180
180
180
180
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central Galveston Bay and western East Bay (Fig. 36). Total oysters, spawning,
as well as the num ber of oysters killed by predation are oriented in a south-east
direction (112.5-135°) (Figs. 37, 38). This component is closely aligned with the
direction of the ship channel (Fig. 36). Larval groups 5 and 7 and P. marinus
prevalence are oriented in a south south-east direction (157.5°) (Fig. 38), which is
also closely related to the directional trend of the ship channel (Fig. 36). Finally,
the environm ental input param eters, salinity, food, turbidity, are all aligned in a
southerly direction (180°) (Fig. 38). This north-south component is aligned with
the influence of the Trinity River inflow (Fig. 36).

4.6.2 A Com parison o f Sim ulations
To compare directional trends of properties between sim ulations, a summ ary
of the percent th at each property trends in a specific angle direction is given in
Table 32. These results are also presented schematically in Figure 39.
T he m ost predom inant direction for the distribution of properties in all seven
sim ulations is in the north-south direction (180°), which is aligned w ith the Trin
ity River inflow (Table 32).

A large portion of this trend is comprised of the

environm ental properties which are included in the averaging. T he second most
prom inent directional trend is south-east (135°) aligned w ith the direction of the
ship channel (Table 32). Finally, the third most predom inant directional trend is
in th e east-west direction (90°), aligned with the m ajor reef tra c t extending from
Dickinson Bay through central Galveston Bay and western E ast Bay (Table 32).
T he decreased food sim ulation has directional trends which are the m ost sim
ilar to the reference sim ulation (Table 32). The low freshwater inflow and de
creased turbidity simulations significantly strengthen the directional trends of a
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T a b le 32. S u m m a r y o f t h e r e s u lts fro m d ir e c tio n a l a u t o c o r r e l a t i o n for t h e
s e v e n s i m u l a t i o n s . T h e p e r c e n t o c c u r r e n c e o f p r o p e r t i e s t h a t fa ll a l o n g s p e 
cific a n g l e d i r e c t i o n s a r e s h o w n f o r e a c h s i m u l a t i o n .
A ngle

22.5°
45°
67.5°
90°
112.5°
135°
157.5°
180°

Reference
S im u la tio n

High
Inflow

Low
Inflow

High
T em perature

Low
T em p eratu re

R ed u ce d
Food

R ed u ce d
T u rb id ity

(% )
5
0
5
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5
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Figure 39.

Schematic of the directional autocorrelation results obtained for the

seven sim ulation. Arrows indicate the percent occurrence of properties th at fall
along specific angle directions, 22.5, 45, 67.5, 90, 112.5, 135, 157.5 and 180°. The
rings in this figure are separated by intervals of 10%.
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large m ajority of the properties to the north-east (22.5-67.5°) (Fig. 39). In the low
freshwater inflow simulation, the northw ard movement of isohalines creates a shift
in the regions of highest production, prim arily by increasing levels of population
characteristics in the East Bay regions and simultaneously west of the Houston
Ship Channel from central Clear Lake through the Dickinson Em baym ent (cf. Fig.
21). The decreased turbidity sim ulation decreases results in local increases in total
oysters, spawn and recruits in the East Bay region (cf. Fig. 29a,c,d). The result
is th e shift of th e m ajor directional trend to the north-east.
The high freshwater inflow and low tem perature simulations intensify the di
rectional trends to the south-east (135°) (Fig. 39). The high freshwater inflow and
low tem perature simulations produce higher concentrations of population charac
teristics to th e west of th e Houston Ship Channel, from Dickinson Bay to the
Pelican Island Em baym ent (cf. Figs. 20, 25). This results in the second most
predom inant directional trend.
Finally, w ith increased tem peratures, the levels of population characteristics
increase on b o th sides of the Houston Ship Channel, resulting in the high tem per
a tu re sim ulation having th e highest percent of its traits trending in a north-south
direction (180°) (Fig. 39).
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C h a p ter 5. D iscu ssion

The preceding chapters have provided background information on the Galveston
Bay estuarine system and the associated oyster population, detailed the form ula
tion of the post-settlem ent, larval and circulation models, presented discussions of
the sim ulation output and presented results of the statistical analysis of sim ulation
output. In this chapter, the results of this modeling study and associated statis
tical analysis will be discussed in relation to the questions posed at the initiation
of the study.

5.1 G en eral P a tte r n s

5 .1 .1 R eferen ce Sim u lation
The results from the reference sim ulation suggest there are five regions of
Galveston Bay: central Galveston Bay, the Pelican Island Em bayment, Dickinson
Bay, Clear Lake, and the ship channel reaches off Dickinson Bay and Clear Lake,
th a t can be classified as productive in regards to the oyster population. W ith
th e exception of the Pelican Island Em baym ent, these regions, which straddle or
are p a rt of the ship channel where mixing and water exchange are greater, are
characterized by m oderate to high flow rates and turbidities (cf. Figs. 13b, 15), as
well as m oderate salinities (cf. Fig. 13a). T he m ajority of these regions also have
m oderate food values (cf. Fig. 14) w ith the exception of the productive regions
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of th e ship channel, which have low food concentrations available to oysters. This
suggests th a t although food concentration in the productive regions of the ship
channel is low relative to the other Bay areas, this level of food concentration does
not lim it population growth.
Observations from oyster reefs in Galveston Bay show a band of high oyster
production th a t extends along the ship channel and across the central region of
G alveston Bay including portions of central Galveston Bay, Dickinson Bay, Clear
Lake and the Houston Ship Channel reaches off Dickinson Bay and Clear Lake
(Glass et al.

1995).

This productive band includes the reef areas which pro

duce the bulk of Galveston Bay’s commercial harvest (Glass et al. 1995). W ith
the exception of the Pelican Island Em baym ent, the productive band observed
in Galveston Bay coincides with the productive regions obtained in the reference
sim ulation (cf. Fig. 16).
T he sim ulated distributions and characteristics of the oyster populations for
th e Pelican Island Em baym ent are often in disagreement with observations, in
th a t the sim ulated values tend to overestim ate th e production in this area. The
overestim ate occurs because larvae are not lost by advection from the Pelican
Island Em baym ent. As a whole, the Pelican Island Embayment is not classified
into the high flow region by the cluster analysis (cf. Fig. 13b). However, portions
of th e em baym ent, which access the Texas City channel and the channel running to
the south of th e Pelican Island Em baym ent, have element averaged flow velocities
in excess of 0.20 m s-1 (Berger et al. 1994). Unlike other areas in Galveston Bay
w ith relatively high current velocities, the Pelican Island Em bayment does not
have a large external source of larvae since it is relatively isolated from the other
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productive areas of the Bay by the Texas City Dike. Exchange during flood tides
is w ith the Gulf of Mexico, which may carry only low densities of oyster larvae,
and exchange during ebb tides is with West Bay, which is an area w ith very low
levels of productivity. Thus, if simulated larvae were advected out of the Pelican
Island Em baym ent by horizontal currents in th e circulation model and the area
received no replenishm ents of larvae, the sim ulated production would be lowered
and more closely approxim ate the observed production of this region.
In the reference simulation, population m ortality plays a significant role in
shaping the sim ulated oyster population distribution. P. marinus, the distribu
tion of which depends on salinity, is the prim ary source of oyster m ortality in
Galveston Bay. P. marinus is operative in high salinity areas and under increased
tem peratures. In this sense, periods of prolonged high salinity and high tem per
atures are not good for the oyster population; they facilitate an increase in P.
marinus.
Powell et al. (in press) found th at P. marinus epizootics, which are defined
by a period of intensive oyster m ortality, occur in oyster populations stressed by
one or several other mechanisms including the onset of increased salinities and
tem peratures. It was suggested th at recruitm ent failure, which would prevent the
replacem ent of diseased individuals with healthy ones, may be one such m echanism
(Powell et al. in press). In the reference sim ulation, W est Bay is a candidate for
these potential heavy losses due to P. marinus. T his area, with its high salinities,
has lowered larval recruitm ent (cf. Fig. 18d) due to low food values (cf. Fig. 14).
By the fifth year of the reference sim ulation, W est Bay is grouped into a region
with low levels of population characteristics (cf. Fig. 16) due to a com bination of
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low recruitm ent and high m ortalities of the oyster populations due to P. marinu 3 .
Low salinity m ortality, which is the second m ost significant source of m ortality
to the post-settlem ent population, in combination w ith the other deleterious effects
of low salinity on post-settlem ent and larval development lim its the productivity
of oyster reefs in the low salinity reaches of the estuaxy. T he filtration rate of
oysters, sim ilar to the mussel Mytilus edulis, is depressed under lowered salinities
(Bayne 1976). Filtration rate determines, in p art, the am ount of food oysters
ingest. Thus, in low salinity regions of the Bay, decreased filtration rates result
in decreased energy to the oyster population and similarly lowered growth and
fecundity. The effects of low salinity on oyster physiology outweigh the beneficial
effect of reduced P. marinus. In the reference sim ulation, the deleterious effects of
low salinity produce the distributions of total oysters, adult oysters and spawning
in Trinity Bay and northern Galveston Bay (cf. Fig. 18a, b, c).
In addition to lowered oyster growth and fecundity in th e regions of low
salinity the regions of lowest larval survivorship are also th e low salinity reaches
of Trinity Bay and northern Galveston Bay (cf. Fig. 19). Low salinities slow
larval growth rates, leading to greater cumulative larval loss. In simulations of
larval planktonic tim e using environmental conditions typical of the Galveston
Bay estuarine system, when a sim ulated low salinity event of 5 ppt was imposed
in August of th e norm al salinity time-series, th e length of th e planktonic tim e was
increased by 39% (Dekshenieks et al. 1993). Over a tw enty-three year sampling
period in Galveston Bay, a close correlation has been identified between low spring
salinities and poor spat sets (Hofstetter 1983). The largest recruitm ent events
occur when salinities range from 17 to 24 p pt, while recruitm ent ceases if salinities
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drop below 8 ppt (Hofstetter 1983), supporting the idea that lowered salinities
lead to greater cumulative larval loss.
The effects of lowered salinity on larval recruitm ent have also been observed
for the Chesapeake Bay. Abbe (1988) observed th a t recruitm ent events in the
central Chesapeake Bay coincided with sustained periods of salinities greater than
16 ppt. Furtherm ore, based on a m ultivariate analysis of 40 years of d ata centered
around the oyster population in Chesapeake Bay, Ulanowicz et al. (1980) also
found th a t periods of high salinity during the spawning season resulted higher
spat densities.
The effect of salinity in regulating oyster production has been known for some
time. Galtsoff (1964) noted th a t oyster reefs with low production are situated be
yond the upper and lower extent of favorable salinities. Oyster reefs in estuarine
waters with salinities below 10 ppt were less productive th an those in more saline
areas. Reef production can be essentially stopped by persistent flood conditions
(Galtsoff 1964). In the high salinity regions, P. marinus and oyster predators are
more prevalent which reduces oyster reef production w ithin these areas. Although
Galtsoff (1964) recognized th a t the spatial pattern of the oyster population results
from the cumulative effect of several environm ental param eters, he emphasized
th at salinity is often the prim ary factor determining the extent of oyster distribu
tions and reproduction w ithin estuarine regions.

5.1.2 A C om p arison o f S im u lation s
For all sim ulations w ith varied environm ental conditions, salinity was clearly
the prim ary control over th e abundances of total oysters, adult oysters and spawn
in Galveston Bay. Variations in freshwater inflow changed Bay-wide population
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characteristics by 124% to 199% (Table 33).

Changes in other environm ental

conditions, such as food and turbidity concentrations, had considerably less im 
pact on Bay-wide changes in oyster populations (Table 33). The only simulation
in which an environm ental factor had a greater effect on a population charac
teristic th an th at of salinity, occured in the high tem perature simulation. After
three years of increased tem peratures the numbers of recruits increased by 199%.
W hen the effects of the changes in environmental conditions on the oyster popu
lation were ranked, although the effect of salinity variation strongly affected the
post-settlem ent populations, there was variation in the absolute effect of all en
vironm ental conditions on the population (Table 33). These results suggest th at
there is a need to consider all environmental effects when attem pting to predict
the response of th e oyster population, for it is the superposition of a combination
of these factors th a t determines the state of the population.
Results of additional analyses show th a t salinity is the prim ary control over
the spatial expanse of the oyster population within the estuary. T he two sim ula
tions which produce the greatest changes in the spatial distribution of spawning
and recruitm ent are the high and low freshwater inflow simulations (cf. Table 30).
In the high freshwater inflow simulation the downestuary movement of isohalines results in decreases in production and shifts the regions of highest production
farther southward through the Bay (cf. Fig. 20). Decreases in oyster population
levels have been observed to be closely tied to the spring floods in the Galveston
Bay estuarine system. Oyster populations in the upper Bay have been observed
to be periodically reduced or completely destroyed by spring flooding (Hofstetter
1983). In the low freshwater simulation, the northw ard movement of isohalines
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Table 33. T h e absolute value of th e percent change in tota l oysters, spawn,
adult oysters and recruits calculated from th e B ay-w ide to ta ls derived from
th e fifth year of each sim ulation.
Absolute % Change in Oysters
high freshwater inflow 186.12

Absolute % Change in Spawn
high freshwater inflow
190.81

low freshwater inflow

low freshwater inflow

171.14
114.92

183.55

decreased food

42.98

decreased turbidity

low tem perature

39.43

low tem perature

45.94

decreased turbidity

21.31

high tem perature

41.92

high tem perature

20.81

decreased food

7.20

reference simulation

0.00

reference simulation

0.00

Absolute % Change in Adults
high freshwater inflow 168.53

Absolute % Change in Recruits
high tem perature
199.84

low freshwater inflow

124.81

low freshwater inflow

199.68

low tem perature

65.01

high freshwater inflow

199.64

decreased turbidity

32.72

decreased food

39.43

decreased food

10.23

low tem perature

24.41

high tem perature

1.42

decreased turbidity

2.33

reference simulation

0.00

reference simulation

0.00
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expands th e areas favorable for the population, resulting in increased productivity
(cf. Fig. 21).
Thus, changes in the position of isohalines w ithin the estuary, such as those
brought about by increases or decreases in freshwater inflow, have the greatest
influence on the spatial distribution and production of oyster reefs. This latter
point is illustrated by long-term trends seen in the Galveston Bay oyster fishery
(Fig. 40). Periods of substantially reduced landings, which occur about once per
seven to ten years, result from variations in freshwater inflow (Hofstetter 1983).
For example, in 1973 the Trinity River outflow was 2.5 times its norm al capacity
which reduced salinities in Galveston Bay for roughly a three m onth period from
m id-M arch to June (Hofstetter 1977). T he im m ediate effect of this severe flooding
event was to deplete populations in T rinity Bay, and to damage oyster popula
tions through central Galveston Bay (H ofstetter 1977). The long term effect of
this flooding event produced several years of poor reproduction resulting in low
recruitm ent in 1975, 1976 and 1977 (H ofstetter 1983). Juvenile and market-sized
oysters began an initial recovery and reached a peak in abundance in the winter
of 1975-1976, however heavy winter harvest pressure and freshwater outflow the
following spring, in combination w ith years of lowered recruitm ent, reduced this
peak. The result was a near depletion of stocks in 1978, resulting in the tem porary
closure of the fishery in December of 1978: a closure which has been attrib u ted to
the 1973 flooding event (H ofstetter 1983). This is a clear example th a t observed
pattern s in production can, in p art, be a ttrib u ted to factors which have shaped
them in th e past.
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Figure 40.

Commercial landings of Eastern oysters, expressed in pounds, from

Galveston Bay between 1972 and 1994. D ata from Robinson et al. 1994.
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5.2 T h e R ela tio n sh ip B etw een B ro o d sto ck an d R ecru itm en t
Observations of oyster populations fail to obtain significant correlations be
tween broodstock num ber and yearly spatfall success. The discrepancies between
broodstock num bers and recruitm ent exist because the controls on oyster survivor
ship, fecundity and larval survivorship differ. As Loosanoff and Nomejko (1951)
pointed out, light spawning may give a comparatively heavy set if larval m ortality
is low, while heavy spawning may result in a complete failure if th e larvae do not
survive.
As previously noted, periods of low salinity are deleterious to both oysters
and larvae. In the high freshwater inflow simulation, increased freshwater inflow
results in a Bay-wide decrease in salinity of 3 ppt (cf. Table 9). Bay-wide totals
of total oysters, adult oysters, spawning and recruitm ent are all decreased under
these conditions (cf. Table 16); however, the adult oysters do not experience the
same degree of decrease as do spawning and recruits. W hile flooding may inhibit
spawning and spatfall, as Hofstetter (1983) noted for the Galveston Bay oyster
population, survival of adult oysters m ay be increased due to the reduction of P.
marinus and predation by drills (Hofstetter 1983).
In the low freshwater inflow simulation, reduced freshwater inflow results in a
Bay-wide increase in salinity of 5 ppt (cf. Table 9). Bay-wide totals of total oysters,
adult oysters, spawning and recruitm ent are all increased, however, the increase
in recruitm ent is 16% higher th an th a t of total oysters, 75% higher than th a t of
adult oysters, and 28% greater than th a t of spawning (cf. Table 17). W hile high
salinities affect the oyster population beneficially by increasing filtration rates, high
salinities also have detrim ental effects on the oyster population due to increased
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P. marinus infection and predation by drills.
In the high tem perature simulation, Bay-wide totals of spawning and recruit
m ent are increased while adult oysters are decreased (cf. Table 18). W hile high
tem peratures affect the oyster population beneficially by increasing growth rates
of both oysters and larvae, high tem peratures are simultaneously detrim ental to
num bers of adult oysters due to increased levels of P. marinus infection and pre
dation. Increased tem peratures also result in increased filtration and reproductive
efficiency. W hen filtration and reproductive efficiency are increased more of the
net production is apportioned to reproductive m aterial. This results in an increase
in the frequency of spawning (cf. Fig. 32, Table 22), but an overall decrease in
adult oyster numbers.
In the low tem perature simulation Bay-wide totals of spawn and recruits are
decreased, while adult oysters are increased (cf. Table 19). This increase in adult
oysters results from a combination of decreases in P. marinus infection intensity,
predators, filtration rate and reproductive efficiency. W hen th e oyster filtration
rate and reproductive efficiency are decreased under lowered tem peratures, more
net production is apportioned to somatic growth. This results in a decrease in
spawning but an overall increase in adult oysters (cf. Table 22),
W hile three years of decreased food concentrations lower the oyster and larval
growth rates, the num ber of adult oysters increases (cf. Table 20). Powell et al.
(1995a) used a series of simulations to show, th a t when food concentrations are
decreased, large adult oysters (over 76 mm) decrease after the first 3 to 7 years,
while small adult oysters (50 to 76 m m) retain a more stable population over
the first 12 years.

These smaller adults can m aintain a reproductively active
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population at lower food concentrations (Powell et al. 1995a). Most likely the
smaller adults comprise much of the increase seen in the third year of simulation. A
comparison of the reference and decreased food simulations shows th a t population
characteristics did not differ significantly, however, if this food decline were to
continue for a longer tim e period, this effect of lowered food would manifest itself
in the population.
The influence of turbidity also contributes to the discrepancies observed be
tween adult oysters and recruitm ent each season, due to the differing controls
turbidity has on oyster fecundity and larval growth. As turbidity decreases, oys
ter filtration rates increase, resulting in an increase in energy available for somatic
and reproductive growth. The effects of turbidity on the eggs and larvae of the
oyster, however, vary w ith the turbidity concentration. For the eggs and early
larval sizes, decreased turbidity levels result in increased survivorship. While for
all larval sizes, turbidity levels below 0.10 g l-1 result in enhanced larval growth
rates, while increased turbidity levels above 0.10 g I-1 result in decreased larval
growth rates (cf. Table 3).

5.2.1 Im p lica tio n s for M an agem en t
The sim ulation results described in the previous section are examples of the
balance which exists between the beneficial and th e deleterious effects of environ
m ental conditions on post-settlem ent and larval oysters. Simulations show th at
perturbations to this balance, for instance, long term increases or decreases in
salinities, result in changes in the structure and productivity of the population.
T he sources of these perturbations should be considered when developing m an
agement strategies for the oyster population.
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The results indicate th a t more emphasis should be placed on the effects of vari
ations in freshwater inflow when form ulating m anagement strategy for the oyster
population. It has been well established th at prolonged periods of high freshwater
inflow have the most deleterious effect on Bay-wide numbers of total oysters, adult
oysters and spawn (Table 33). Similarly, it has been established th at variations in
freshwater inflow cause the greatest change in the spatial distribution of the oyster
population (cf. Table 30). Freshwater m anagement practices, therefore should be
a prim ary consideration when developing m anagement strategies for the oyster
population. Secondly, tem perature variations play a crucial role in structuring
the population. Three years of increased tem peratures have the greatest positive
effect on increasing the num bers of recruits in the estuarine system (Table 33).
Phytoplankton stocks have been observed to decline in the Galveston Bay
system as a result of a declining nutrient supply. W hether this decline results
from natural or anthropogenic causes (W ard and Arm strong 1992), these changes
in food levels should be considered when gauging the potential productivity of
the system. T he decreased food d ata set, which was applied to the reduced food
sim ulation over a three year period, followed the observed decreasing trend cited
by W ard and Arm strong (1992). The observed decrease in food availability did
not produce the m agnitude of response th a t occured due to either increases or
decreases in freshwater inflow. However, if this decreasing trend in food availability
were to continue beyond a three year period, the food deficit would become large
enough to m anifest itself in the population and result in significant losses for the
oyster population.
The consideration of turbidity levels in the form ulation of m anagem ent policy
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is also im portant. Historical increases in turbidity in Bays like the Chesapeake Bay,
have to be noted due to land use practices (Cooper and Brush 1993). Although
the sim ulation discussed here focused on yearly decreases in turbidity levels, the
results clearly show th at changes in turbidity affect all population characteristics,
and m ost strongly spawning (Table 33).

The turbidity level has positive and

negative effects on the population. W hile some low levels nearing 0.10 g I-1 are
beneficial for larval growth, increasing levels of turbidity over 0.10 g I-1 cause
decreased larval growth, in addition to higher levels of m ortality in eggs and early
larval stages. An increase in turbidity would m ean reductions in spawning and
num bers of adult oysters in addition to alterations in the spatial distribution and
Bay-wide totals of total oysters and larvae.
Of the environm ental conditions examined in this study, it is prolonged pe
riods of low salinities which exhibit the largest absolute influence over num bers
of oysters and spawn, and extended periods of high tem peratures which exhibit
the greatest influence over recruitm ent. Environm ental effects on the population,
specifically changes in freshwater inflow and increases in tem peratures, m ust be
considered in the development of m anagement policy.

5 .3 Larval Sup ply
T he m ajority of the areas requiring external sources of larvae are those w ith
predom inantly low salinities. Larval survival a t low salinity is poor; hence, num 
bers of recruits in the low salinity reaches of th e estuary are low (cf. Fig. 18d).
There are some elements in central E ast Bay which also require an external larval
supply, high levels of turbidity being the m ajor cause of the low larval supply
there. However, these areas are not as extensive as those produced by low salinity.
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In the low freshwater inflow simulation, the northw ard movement of isohalines
expands the areas which are favorable for larval development. W ith this increase
in Bay-wide salinities, the extent of the areas requiring an external larval source
are lim ited to a small portion of the shoreline along Trinity Bay (cf. Fig. 21d). In
th e high tem perature sim ulation, tem peratures are increased uniformly Bay-wide.
Increased tem peratures result in increased larval growth rates and subsequently
increased larval survivorship. The result is th a t areas requiring external sources of
larvae are lim ited to the areas bordering the Trinity Bay shoreline and areas near
the outflow of the San Jacinto River (cf. Fig. 24d). Prolonged periods of elevated
salinities are m ost effective in increasing the spatial extent of areas receiving re
cruits (cf. Fig. 21d), while prolonged periods of elevated tem peratures are most
effective in increasing the num ber of recruits Bay-wide (Table 33). Furtherm ore,
when salinities or tem peratures are increased in E ast Bay the impact of high tu r
bidity on larval growth becomes less significant. Thus, under extended periods of
high salinities an d /o r tem peratures, turbidity is no longer the m ajor determ inant
in larval survivorship in East Bay.
W hen salinities, tem peratures and food levels are decreased however, larval
survivorship decreases significantly. The m ost dram atic increases in the spatial
extent of areas requiring external larval supplies occurs under extended exposure
to low salinities in the high freshwater inflow sim ulation, in which case Dickinson
Bay and the Clear Lake and E ast Bay areas would also require external sources of
larvae (cf. Fig. 20d). Conditions of lowered tem perature and food concentration
extend the regions requiring an external larval supply to include a few additional
elements in E ast Bay (cf. Figs. 25d, 28d). This decrease in larval supply comes
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from a decrease in larval survivorship brought about by th e cumulative effect of
lowered tem perature or food combined with high turbidities.

5.3.1 Im p lica tio n s for E xchange
Once the spawning population in an area has been depleted, production can
be recovered only by im porting larvae from other more productive Bay areas. It is
a com bination of current patterns, the length of the planktonic period and larval
behavior which determine whether the larvae are im ported to these areas.
A comparison of the patterns of flow rates derived from the circulation model
(cf. Fig. 13b) and larval survivorship in the reference sim ulation (cf. Fig. 19)
shows th a t the areas of lowest current velocities are also the areas of lowest larval
survivorship. Although flow rate does not directly effect larval growth, flow rate
is strongly correlated with Bay salinities. Regions of lowest flow rates are found
in th e extrem e low and high salinity areas of the Bay. In th e low salinity areas of
the Bay, northern Galveston Bay and Trinity Bay, low larval survivorship is the
result of low salinity (cf. Fig 13a). In the high salinity areas of th e Bay, western
West Bay and eastern East Bay, low larval survivorship is the result of low food
concentration (cf. Fig. 14b) and high turbidity levels (cf. Fig. 15b), respectively.
All of which serve to reduce the larval growth rate, thus increasing cumulative
larval m ortalities.
Larvae im ported from the more productive regions of the Bay arriving in these
areas of low larval survivorship would be exposed to the same lowered current
velocities and deleterious environmental conditions. These lowered current veloc
ities would slow the larval transport while the environm ental conditions, which
are unfavorable for larval growth, would subsequently increase th e length of the
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planktonic period and increase cumulative m ortalities. One benefit of an extended
planktonic period in regions of lowered flow is th a t if the larvae can survive m or
talities. it is afforded a greater am ount of time to find suitable reef to settle before
reaching com petent setting size.
Due to the lowered flow rates and the unfavorable environm ental conditions,
larval recruitm ent in these areas may be dependent upon episodic changes in
circulation, such as those changes brought about by fronts. In a study of larval
advection, Jacobsen et al. (1990) addressed questions relating to recruitm ent of
oyster larvae in the Delaware Bay. This study combined two field studies with a
num erical modeling study of the Delaware Bay. The results of the study suggested
th a t surface convergence within frontal zones m ay displace larvae into the lower
layers of the w ater column and be a key factor in returning larvae to suitable
reef for settlem ent.

M ann (1988) also studied the role of a frontal system in

the Jam es River estuary of the Chesapeake Bay in controlling the distribution of
oyster larvae. The frontal region, which developed during the early flood tide, had
associated with it downwelling water velocities which passively transported larvae
downward. These types of structures can minimize loss from an area or act as a
conduit through which larvae from other regions m ay reach settlem ent areas.
In a related study, a tim e and vertically-dependent model was used to inves
tigate the interaction between water column structure and the behavior of larvae
of the E astern oyster (Dekshenieks et al. in press). It has been suggested th a t
th e m ore m atu re stages of oyster larvae may counteract dispersal by increasing
swimming activity in response to the increased salinities of flood tide, and decrease
swimming activity in response to the decreased salinities of ebb tide (Kunkle 1957,
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Crisp 1976). Simulated vertical larval distributions obtained from the model show
th a t changes in larval m igratory behavior, which are brought about by changes in
the vertical salinity gradient, can significantly alter larval distribution patterns.
Results also show th at a strongly stratified water column results in oyster larvae
of all sizes concentrating at or directly below the region of the sharp salinity gra
dient. Finally, for upwelling and downwelling conditions, simulation results show
th a t variations in vertical velocity can significantly alter the vertical location of
oyster larvae. These when combined w ith horizontal advective flow have im portant
im plications for larval dispersal.
The coupled oyster-circulation model is structured in such a way th a t reef is
not perm itted to accrete. In other words, elements initially specified to have no reef
will rem ain so throughout th e sim ulation. If larvae were dispersed among elements,
due to a com bination of current patterns and larval behavior and if it were possible
for reef to accrete, reef areas in the m ore productive regions of the Bay (i.e. central
Galveston Bay and the Dickinson Em baym ent) would most likely expand. This
would result in changes to the spatial structure of th e oyster population. While at
the same tim e, reef areas in the least productive areas of the Bay (i.e. Trinity and
northern Galveston Bays) would still be limited by the environmental conditions
which are detrim ental to both oyster and larval survivorship.

5.4 T em p o ra l P a tte r n s o f R ecru itm en t
Flooding in Galveston Bay occurs in early spring, depressing salinity in May
and June (cf. Fig. 3a), when spawning and setting should be at a peak (Hofstetter
1983). T he m agnitude and duration of these spring floods in Galveston Bay play
an im portant role in determ ining th e num ber of recruits to the post-settlem ent
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populations (Hofstetter 1983). Maximum salinities in some lower regions of the
Bay of about 20 to 25 ppt usually occur in August and persist throughout the fall.
In Galveston Bay, water tem peratures begin to increase in the spring and reach
20° C by April, tem peratures continue to increase until their m aximum summer
value of 27°C, and by November tem peratures are reduced below 20°C (cf. Fig.
3b).
The onset of elevated salinities and higher tem peratures in sum m er m onths
accelerate the larval growth rate, reducing the length of th e planktonic period and
increasing larval survivorship. The average planktonic tim e during the summer
m onths in Galveston Bay is on the order of two weeks while, planktonic periods
in the spring and fall can be on the order of four to five weeks (Dekshenieks et
al. 1993). W hile the summer spawning events are not as intense as those in the
spring, during the summer m onths the larval planktonic period is abbreviated.
Subsequently, the cumulative larval m ortalities are lower and larval survivorship
is considerably increased. It is for these reasons th at the summ er spawning events,
not the spring or fall events, in Galveston Bay are m ost successful in th e production
of recruits.
Simulation results are consistent with observations of m onthly trends in num 
bers of settled spat in Galveston Bay between 1961 and 1972 (H ofstetter 1977).
Observations show th a t the greatest num ber of spat in each sample taken from
Galveston Bay occur from late July through August. These results axe based on
12 years of observational d a ta (Hofstetter 1977).
These sim ulation and observational results from Galveston Bay are also consis
tent with observations of oyster set in Long Island Sound (Loosanoff and Nomejko
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1951). The maximum sets in Long Island Sound were observed to occur during
the summer, when tem peratures are higher. The increase was attributed to the
potential increase in larval development from elevated tem peratures (Loosanoff
and. Nomejko 1951).

5.5 S u m m ary o f R esu lts
In general, the simulations show th at salinity is the prim ary environmental
factor controlling the spatial distribution of oyster populations in Galveston Bay,
Texas. Decreases and increases in salinity have the greatest influence over the total
num bers of oysters and oyster fecundity, while, increased tem perature followed
closely by decreases and increases in salinities have the greatest influence over
to ta l num bers of recruits in the system.
Simulations suggest th a t the discrepancies between broodstock num ber and
recruitm ent exist because th e controls on the survivorship of the spawning popu
lation and the recruitm ent of larvae to the benthic community differ. P. marinus,
which is operative at higher tem peratures and salinities when conditions are also
favorable for oyster and larval growth, is a m ajor contributor to these observed
discrepancies.
Simulations also show th a t in years with mean environmental conditions, the
areas of Galveston Bay which require external sources of larvae are areas with
predom inantly low salinities.

Results show th a t increases in tem perature and

salinities decrease the spatial expanse of regions requiring external sources of lar
vae, while decreases in salinity, tem perature and food concentration increase the
spatial expanse of regions requiring external sources of larvae.
Finally, results indicate th a t the most significant recruitm ent events occur
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during the sum m er months. This is caused by the onset of higher sum m er tem 
peratures and elevated salinities, which accelerate the larval growth rate, thus
reducing the length of the planktonic period and increasing larval survivorship.
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C hapter 6. Su m m ary

The oyster-circulation model used in this study is the first of its type. In com
bination with field measurement program s, this model provides a framework for
investigating the effects th a t changes in environm ental conditions have on spa
tial and tem poral distributions of oyster populations. There are lim itations to
the oyster-circulation model, however, which should be considered in the inter
pretation of sim ulation results. First, neither larval nor particle transport occurs
between elements. Secondly, the food and turbidity distributions which are in
p u t to the coupled model are static; at this tim e there are no feedbacks between
these fields and the oyster population. The addition of both larval and particle
tran sp o rt, as well as the inclusion of a productivity based model would be the
next logical step in the development of this integrated three-dimensional model.
However, keeping in m ind the lim itations of the model, the simulated trends can
be used to successfully interpret the effects th at environm ental changes have on
the oyster population.
Simulation results provide insight into how variations in biological and envi
ronm ental conditions affect oyster populations. T he results from this study allow
several predictions to be m ade concerning how environm ental change, resulting
from m an-induced and natural effects such as freshwater m anagement practices
or climate warming, may affect the status of oyster fisheries in the future, both in
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Galveston Bay and within other estuarine systems supporting oyster populations.
As the m etropolitan Houston area continues to grow, the demand for fresh
w ater will continually increase. At the present tim e, residents in the five counties
bordering Galveston Bay use 1,400 million gallons of fresh water each day (Galve
ston Bay National Estuarine Program 1995). The Texas W ater Plan proposes to
divert freshw ater from the Trinity River basin to the San Jacinto River basin to
m eet the anticipated use in the greater Houston area within the next 50 years.
This would result in a diversion of freshwater inflow across many of the more pro
ductive regions of Galveston Bay (i.e., down the Houston Ship Channel, through
Clear Lake, and Dickinson’s Embayment and their ship channel reaches). In re
lated m odeling studies of the effects of this freshwater diversion on the Galveston
Bay estuary, Powell et al. (1995b) found th a t a diversion of freshwater from the
T rinity w atershed to the San Jacinto watershed would result in extremely high
oyster m ortalities. This diversion would essentially deplete the oyster fishery in
the Galveston Bay system. It was concluded th at dredging a deeper ship channel,
as proposed by the ports of Houston and Galveston, would partially ameliorate
the negative effect of rerouting freshwater inflow by increasing saltwater exchange
w ith the Gulf of Mexico (Powell et al. 1995b).
As observed for the severe flooding event of 1973, it can take from two to
five years for th e effect of a dram atic change in freshwater inflow to appear in the
adult population (Hofstetter 1983). The sim ulation results presented in this study
reproduce the effects th at events like the 1973 flood have on the Galveston Bay
oyster population. Changes in the sim ulated Galveston Bay oyster population,
however, occur in a shorter tim e scale than th a t observed for natural populations.
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This arises because in the modeling study the environm ental conditions were per
turbed consistently for three consecutive years, while the environm ental change
resulting from the 1973 flooding of the Trinity River was only of a three m onth
duration. In addition, because larval advection does not occur, areas with low
spawning and poor larval survivorship are prevented from receiving recruits from
m ore productive Bay areas. Thus, the spatial effects of environm ental change are
more pronounced than would be observed in the n atu ral environment. However,
keeping in m ind the environm ental conditions th a t force the model, sim ulation
results can be used to interpret the response of the oyster population.
The im pacts of longer term changes in the environm ent, such as those gener
ated by climatic warming, m ay also be addressed. If the recently observed trends
of slowly increasing tem peratures associated w ith climatic warming persist, pre
dictions of potential effects on oyster populations can be m ade on the basis of this
modeling study. Simulated distributions show th a t three years of elevated tem per
atures produce increases in spawning frequency and recruitm ent w ith little overall
decrease in th e total num ber of adult oysters. W ith increases in tem peratures,
num bers of oyster generations increase and reproductive periods are extended
(Hayes and Menzel 1981). Additionally, as a result of higher reproductive effort
the mean oyster size is shifted towards the smaller size classes (Hofmann et al.
1994). Thus, if elevated tem peratures were to occur, th e Galveston Bay oyster
populations m ay evolve to resemble those in a m ore southern bay like Laguna
Madre. Oysters in Laguna M adre tend to be smaller and have more continuous
spawning th a n those oysters found in more northern bays. In addition to the
physiological changes produced by increased tem peratures for oysters, increased

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

tem peratures decrease larval planktonic time, which potentially gives increased
larval survivorship (Dekshenieks et al. 1993). The result, smaller oysters with
extended reproductive periods and higher recruitm ent success, would be the ba
sis for the oyster population within th e Galveston Bay estuary. Simulating the
projected climatic warming scenarios is then the next step in understanding the
response of oyster populations to long term climatic change. Understanding how,
why and what changes can potentially occur in oyster populations due to environ
m ental variations is a critical aspect of m anagement strategies th a t are designed
to m aintain optim al harvesting and a sustainable fishery.
The impacts of population expansion and climatic change on watersheds th at
surround productive estuaries are not lim ited to the Galveston Bay estuarine sys
tem. These are national and global issues th a t affect many estuarine systems. The
model discussed here provides a framework for investigating the potential effects
th a t longer term changes in the environm ent have on the structure of the oyster
populations. Moreover, the oyster can be used as an indicator species to forecast
the impacts th a t environmental change will have on estuarine systems and the
hum an populations which surround them .
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